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Despite estimates of annual on-farm soybean (Glycine max L. Merr.) grain yield gain 
ranging from 23-66 kg ha-1 yr-1, current trends show that the average decadal increase of 
soybean grain yield is declining in rate.  It is suggested that a narrowing genetic diversity 
of cultivated soybean germplasm due to direct selection for grain yield, and insufficient 
knowledge of genetic influences underlying grain yield-associated physiological traits are 
contributing factors.  Canopy development plays a critical role in the fraction of light 
intercepted by soybean crops throughout the growing season.  Rapid canopy closure 
maximizes light interception and optimizes growth dynamic parameters, which ultimately 
contribute to total biomass accumulation and grain yield.  The objective of this study was 
to assess the use of ground-based digital imagery as a phenotyping tool for quantitative 
characterization of seasonal canopy coverage and light interception in the genetically 
diverse SoyNAM population. Weekly measurements of canopy coverage from early 
vegetative to mid reproductive growth were acquired for 5600 recombinant inbred lines 
during the 2013 and 2014 season.  An asymptotic logistic growth curve was fitted to the 




dates and enable calculation of canopy dynamic parameters.  Parameters evaluated in this 
study were: average canopy coverage (AC), cumulative intercepted photosynthetically 
active radiation for the total sampling period (CIPAR), vegetative growth period 
(CIPARv), and reproductive growth period (CIPARr), and the number of days required to 
reach 30 (t30), 50 (t50), and 70 (t70) percent canopy coverage.  Estimation of variance 
components showed that variation in phenotypic expression was significantly influenced 
by genetic differences among families for all canopy parameters.  The narrow-sense 
heritabilities of all canopy parameters were high (h2 = 0.81-0.90), and thus provide 
opportunities for genetic gain of canopy development through selection of superior 
genotypes. Strong genetic correlations to grain yield (rg = 0.61-0.68) and high relative 
efficiencies of indirect selection (Re = 0.76-0.84) suggest simultaneous genetic gain of 







CHAPTER 1. THE ROLE OF PHENOTPYING IN THE GENETIC IMPROVEMENT 
OF YIELD POTENTIAL IN SOYBEAN 
1.1 Introduction 
Global soybean (Glycine max L. Merr.) production has increased 36% since 2000 
(Masuda & Goldsmith, 2009).  This increase is fueled by a 6% increase in grain yield and 
28% increase in area harvested, accounting for 19% and 81% of the total growth in 
production, respectively, during this period.  Current trends suggest the need to double 
global crop production by 2050 to meet the demands of a rising population, diet shifts, 
and increasing consumption of biofuels- a feat that will require a production increase of 
2.4% per year. (Pingali, 2006; Godfray et al., 2010; Tilman et al., 2011; Foley et al., 
2011; Ray et al., 2013).  Due to the inability to increase the amount of harvestable area 
due to urbanization, we must sustainably improve our current agronomic practices while 
increasing the grain yield potential (Yp) of genetically superior cultivars if we are to 
provide global food security (Masuda & Goldsmith, 2009).  Suhre et al. (2014) estimated 
the average annual increase of on-farm soybean grain yield gain rate from 1924 to 2011 
to be 23.4 kg ha-1 yr-1.  Evaluation of annual soybean grain yields over the last decade 
suggest that grain yield is currently improving at a rate of 66 kg ha-1 yr-1 (Board & 
Kahlon, 2011).  Increases in soybean grain yield can be attributed to improved cultural 




well as the synergistic interaction between these two practices (Board & Kahlon, 2011).  
Through the comparison of new and old cultivars, studies have estimated the contribution 
of genetic gain to annual soybean grain yield improvement to range between 10 and 30 
kg ha-1 yr-1 (Specht et al., 1999; Boerma, 1979; Luedders, 1977; Specht & Williams, 
1984; Voldeng et al., 1997; Wilcox et al., 1979; Kahlon et al., 2011, Rincker et al., 2014).  
It has been proposed that genetic improvements are responsible for half (Board & 
Kahlon, 2011) to two-thirds (Rowntree et al., 2013) of on-farm gains in soybean grain 
yield. Thus, the remaining fraction of historic soybean grain yield improvement is 
attributed to improved agronomic practices and the synergistic interaction between 
improved agronomics and genetics (Rowntree et al, 2013).  Despite annual increases in 
grain yield, current trends suggest that the average decadal increase in soybean grain 
yield is declining in rate (Conway, 2012).  The lack of diversity within cultivated soybean 
germplasm has been suggested as a contributing factor (Gizlice et al., 1993, 1994, 1996).  
Soybean has endured three genetic bottlenecks that severely reduced genetic diversity: 
domestication of Asian landraces, introduction of landraces to North America, and 
selective breeding for improved grain yield (Hyten, 2006).  Comprehensive genetic 
analysis of US soybean cultivars suggests that 95% of the current genetic base was fixed 
by 1970, and since this time very little diversity has been incorporated into the genome of 
cultivated soybean (Delannay et al., 1983; Gizlice et al., 1994; Sneller, 1994, 2003; 




1.2 Genetic Gain of Soybean 
1.2.1 Introduction 
Historic genetic gain of soybean primarily occurred through the process of 
selecting desirable cultivars based on high and stable grain yield (Fehr, 1987; Frederick 
& Hesketh, 1994).  Therefore, the underlying growth dynamic and yield component 
parameters which control grain yield were not accounted for in the selection process and 
little is known regarding how these parameters have changed, and which have 
contributed most to grain yield improvement.  Growth dynamic parameters are rates and 
levels of total dry matter (TDM), dry matter partitioning or harvest index (HI), leaf area 
index (LAI), light interception (LI), radiation use efficiency (RUE), and crop growth rate 
(CGR) that characterize soybean’s seasonal growing pattern (Loomis & Connor, 1992).  
Yield components are morphological characteristics that directly determine crop grain 
yield (Egli, 1998).  In soybean these are seed m-2, seed size, seed per pod, pod m-2, pod 
per reproductive node, reproductive node m-2, percent reproductive nodes, and node m-2 
(Board & Modali, 2005).  Yield components are responsive to the levels and rates of 
growth dynamic parameters and are considered the vehicle through which these 
parameters affect grain yield (Board & Kahlon, 2011).  Selective breeding for grain yield 
has narrowed the North American soybean genetic base due to repeated selection of 
parents from only elite cultivars and breeding lines (Gizlice et al., 1994; Sneller, 1994; 
Rincker et al., 2014).  This narrow genetic diversity may eventually reduce the rates of 
genetic gain when selecting solely for grain yield (Rincker et al., 2014).  However, this 
trend may already be occurring as proposed by Conway (2012) who suggested the 




problem, numerous studies have compared new and old cultivars to identify indirect 
selection criteria for grain yield by isolating the underlying mechanisms (in the form of 
yield components and growth dynamic parameters) responsible for historic variation in 
soybean grain yield.  Doing so will streamline the cultivar development process and 
provide opportunities for achieving rapid genetic gains (Kahlon et al., 2011; Richards, 
2000).  Furthermore, grain yield-limiting parameters may also be identified as criteria for 
direct selection against.  Despite the proposed benefits of indirect selection, there is very 
little decisive evidence supporting potential criteria due to conflicting results. 
1.2.2 Yield Components 
Boerma (1979) evaluated cultivars in maturity groups (MG) VI, VII, and VIII 
released between 1914 and 1973 to describe yield component changes associated with 
cultivar year of release (YOR) that explain the observed genetic gains and improved 
grain yield.  Results showed that grain yield improvements with MG VIII cultivar YOR 
was attributed to increased pod m-2, while no yield component differences in MG VI and 
VII cultivars were found to be associated with increased grain yield.  Greater grain yield 
with cultivar YOR was also found to be related to greater pod number (Fredrick et al., 
1990).  An extensive study of 116 MG II and III cultivars released from 1923 to 2008 
revealed that greater grain yield of new cultivars was driven by an increased number of 
pods and seeds plant-1 (Suhre et al., 2014).  Increased pod plant-1, seed pod-1, and seed 
size were attributed to greater grain yield of Chinese cultivars, however the relative 
contribution of these components differed by stem termination and location (Cui & Yu, 




was found for MG II cultivars (Rowntree et al., 2013).  Specht and Williams (1984) 
reported an annual increase in seed size of 0.10 g yr-1 (100-seed mass) across all MG’s 
(00-IV) and cultivars (240) released between 1902 and 1977.  In contrast, Boerma (1979) 
and Voldeng et al. (1997) found no relationship between seed size and cultivar YOR.  
Similarly, Morrison et al. (2000) and Rincker et al. (2014) found no change in seed size 
and attributed greater grain yield with cultivar YOR to an increasing number of seed 
plant-1 and seed per unit area, respectively.  Research by Gay et al. (1980) suggested that 
the importance of seed number and seed size in explaining increased grain yield of 
historic cultivars may depend on the characteristics of cultivars being compared.  For 
example, this study found greater grain yield in MG III indeterminate cultivars was 
attributed to increased seed size, while improved grain yield in determinate MG V 
cultivars was associated with increased seed number.  More recently, De Bruin and 
Pedersen (2009) found the strong association between grain yield and seeds m-2 
accounted for the majority of grain yield variability among Midwestern US soybean 
cultivars, while no difference in seed size across cultivar YOR was reported.  Yield 
component evaluation for 18 Southeastern US cultivars released between 1953 and 1999 
determined grain yield improvement due to genetic gain with cultivar YOR was 
controlled by increased node m-2, reproductive node m-2, pod m-2, and seed m-2 (Kahlon et 
al., 2011).  
1.2.3 Growth Dynamic Parameters 
Yield component response is controlled by the interaction between growth 




of dry matter transferred to the seed (HI) as a function of TDM, which in turn is regulated 
by the seasonal patterns of canopy photosynthetic rate and CGR controlled by LI (Board 
& Kahlon, 2011).  Thus, evaluation of historic variation in growth dynamic parameters 
may provide insight into factors responsible for genetic gain during soybean cultivar 
development, as well as provide additional criteria for indirect selection.  Grain yield is 
the product of TDM and HI, however the contribution of these two parameters to soybean 
genetic gain have shown mixed results.  Improved grain yield of Southeastern cultivars 
released between 1945 and 1982 was not associated with either TDM or HI (Salado-
Navarro et al., 1993).  Gay et al. (1980) associated improved grain yield in new vs old 
cultivars to greater HI and not TDM.  These results are supported by studies in Canada 
(Morrison et al., 1999), Japan (Shiraiwa & Hashikawa, 1995), and China (Cui & Yu, 
2005) which determined genetic gain in new cultivars was attributed to greater HI, while 
little or no difference in TDM was found.  Recently, Suhre et al. (2014) suggested that HI 
increased across cultivar YOR at a rate of 0.114 ± 0.013% yr-1.  Frederick et al. (1991) 
associated grain yield gains through genetic improvement to greater TDM, with little role 
played by HI.  De Bruin and Pedersen (2009) found no difference in HI when comparing 
new and old Midwestern US cultivars, and determined that grain yield was strongly 
associated with increased TDM facilitated by greater CGR prior to seed filling (R1-R5.5).  
Short season cultivars showed a similar trend, with TDM contributing 78%, and HI only 
22% to improved grain yield in new vs old cultivars (Kumundi et al. 2001).  However, 
this study differed from De Bruin and Pederson (2009) in that greater TDM of new 
cultivars was attributed to a longer duration of LAI during the seed-filling period, 




Illinois of twenty-four indeterminate MG III cultivars released from 1923 to 2007 
concluded that historical gains in soybean grain yield are driven by linear increases in LI, 
RUE, and HI (Koester et al., 2014).  Greater LI with cultivar YOR was driven by a longer 
duration of canopy cover due to more recent cultivars maturing later.  Improved RUE 
was found to be a result of greater biomass production per unit of absorbed light for new 
(14.1 MJ m-2) vs old (12.9 MJ m-2) cultivars.  Newer cultivars accumulated greater 
biomass of which ~80% was attributed to increases in total seed biomass, resulting in a 
greater HI (Koester et al., 2014). These results confirm those from previous studies that 
reported improved HI in Chinese (Jin et al., 2010) and Canadian (Morrison et al., 1999) 
germplasm, due to greater increases in seed weight compared to total biomass.   
1.2.4 Best Targets 
Identification of physiological parameters responsible for the genetic gain of 
soybean Yp is difficult due to the many contradictory results.  It’s has been suggested that 
these divergent results occurred from evaluation of different soybean germplasm pools 
representing narrow geographic and/or parentage ranges (Kahlon et al., 2011).  Kumudini 
et al. (2001) also recognized these inconsistences and attributed the variability to possible 
genotype by environment, and, or year interaction effects.  The methods and approaches 
of these genetic gain experiments must also be taken into consideration.  For example, the 
old cultivars in these studies were grown under modern agronomic practices, which itself 
is a potential bias.  Furthermore, the inconsistences regarding TDM and HI can be 
attributed to sampling at different phenological stages and differences in parameter 




and new soybean cultivars can be attributed to increased seed m-2 and TDM (Kumudini et 
al., 2001; Board & Kahlon, 2011; Van Roekel et al., 2015).  Using these parameters as 
criteria for indirect selection may allow for more rapid genetic gains.  Unfortunately, 
these are some of the most laborious crop parameters to measure, require destructive 
sampling, and offer only a single measurement per season for which grain yield can be 
explained.  
It has been suggested that due to the low heritability of grain yield, breeding 
programs should complement the selection of grain yield per se with selection of 
associated, more heritable traits through a dissection and modeling approach (Tardieu & 
Tuberosa, 2010).  While the aforementioned genetic gain studies dissected grain yield 
into more heritable yield component and growth dynamic parameters, these parameters 
themselves are very complex and are consistently regulated by environmental conditions 
(Kumudini et al., 2001).  Furthermore, the contribution to genetic gain by a crop 
parameter may not be accurately represented by a single explanatory measurement.  For 
example, Kumudini et al., (2001), found no correlation between grain yield and TDM or 
rate of dry matter accumulation during vegetative growth.  However, following the onset 
of reproductive growth, several studies have reported a strong relationship between grain 
yield and dry matter accumulation (Hardman & Brun, 1971; Board & Harville, 1993; 
Shiraiwa & Hashikawa, 1995; Board et al., 1996; Kumudini et al., 2001).  Likewise, 
Kantolic et al. (2013) reported strong associations between seed m-2 and crop growth rate 
(R2 = 0.95), accumulated biomass (R2 = 0.77), and accumulated radiation (R2 = 0.84) 




duration of development can reveal critical periods and associations with grain yield that 
may otherwise go unnoticed.    
 Dissection of highly quantitative traits requires the evaluation of thousands of 
genetically distinct lines by methods that are sufficiently accurate to distinguish slight 
variation in germplasm (White et al., 2012).  A problem that exists is the ability to rapidly 
and accurately evaluate these parameters, and to do so nondestructively in an effort to 
preserve breeding material.  Advances in field-based phenomics enabling efficient 
characterization of crop parameters are necessary if trait dissection, and the subsequent 
use of these derived parameters as indirect selection criteria become strategies for 
streamlining cultivar development and achieving faster genetic gains.  
1.3 Field-Based Phenomics 
Advances in “next generation” DNA sequencing have reduced the cost, and 
improved the efficiency and accuracy of genotyping, therefore allowing rapid 
development of large mapping populations and diversity panels (Shendure & Ji, 2008; 
Jackson et al., 2011).  Genetic improvement relies on the ability to identify genetic 
variation within these populations to facilitate advancement of genetically superior lines 
(Araus & Cairns, 2014).  However, the ability to bridge the gap between genotype and 
phenotype has been limited by the lack of phenotyping methods that can efficiently and 
accurately reveal variation in large, diverse populations.  Dissection of complex, 
quantitative traits such as grain yield and stress tolerance may require seasonal evaluation 
of relevant crop parameters to better understand gene expression and important periods of 




Bosquet et al., 2012; Tuberosa, 2012; Cobb et al; 2013).  Evaluation of these parameters 
in large populations using traditional methods can be costly, labor intensive, and 
impractical; thus, phenotyping has emerged as a major bottleneck limiting the power of 
genetic analysis and genomic prediction (Cobb et al., 2013).   High-throughput 
phenotyping has been implemented for some time in greenhouses or growth chambers.  
However, identification of quantitative trait loci (QTL) and candidate genes in controlled 
environments have traditionally not led to significant grain yield gains under field 
conditions (Araus & Cairns, 2014; Araus et al, 2008; White et al, 2012).  Therefore the 
need for high-throughput, field-based phenotyping methods is imperative if we are to 
alleviate the current challenges when attempting to link phenotype with genotype.   
Research in phenomics aims to improve field-based phenotyping efforts by 
increasing the precision, accuracy, and throughput over currently established methods 
(White et al., 2012).  Breeding programs implementing selection of grain yield-associated 
traits can implement remote sensing to quantify phenotypic variation in large populations 
in a nondestructive manner, allowing for repeated measurements and evaluation of 
seasonal variation in trait expression.  Remote sensing systems incorporated into ground-
based and aerial platforms have shown promise for evaluation of crop parameters in field 
settings.  Ground-based platforms benefit from their ability to capture high resolution 
data at the plot level, and thus require little post-processing for data retrieval (Araus & 
Cairns, 2014).  Because these platforms are typically not limited by payload, they have 
the capacity to carry several sensor types for simultaneous evaluation of numerous crop 
parameters. However, these methods may still be extremely time consuming, especially 




White et al. (2012) estimated that a ground-based vehicle traveling at 2 km h-1 and 
measuring traits on single rows would require over 40 hours to sample a field consisting 
of 5000 lines.  Populations of this size are common, and necessary for dissection of 
highly complex traits (Myles et al., 2009).  Therefore, the inability to make simultaneous 
measurements of all plots would limit the application of these methods for evaluation of 
time sensitive events such as water relations or photosynthesis.  Unmanned aerial 
platforms (UAPs) such as polycopters and airplanes offer the advantage of sampling the 
entire population simultaneously (Araus & Cairns, 2014).  Referring back to the example 
by White et al. (2012), the same data could be collected during a single flight of 
approximately 20 minutes. These platforms are typically controlled by autopilot for 
autonomous flying, and are therefore fairly simple to operate and require minimal 
training. While payload is now a considerable factor, most UAPs can carry up to 2kg; 
sufficient for two mounted sensors (Araus & Cairns, 2014).  Furthermore, the greater 
proximity from crop vegetation may diminish the accuracy and precision of sensor data, 
however spatial resolutions of 0.077 m/pixel have been reported (Díaz-Varela et al., 
2015).  Currently there are several sensor types available that allow evaluation of 
numerous crop parameters and can be mounted to both ground-based and aerial 
platforms.  As summarized by Araus and Cairns (2014), the approaches most commonly 
used for crop phenotyping can be grouped into three categories: (i) visible (VIS) to near-
infrared (NIR) spectroradiometry (multispectral and hyperspectral sensors), (ii) infrared 
thermometry and thermal imaging, and (iii) digital photography (red, green, and blue 
color cameras).  VIS-NIR imaging encompasses wavelengths from the visible to near-




crop parameters such as biomass, senescence, nutrient status, pigment degradation, 
photosynthetic efficiency, and water relations.  Infrared and thermal imaging (300-14,000 
nm) visualize an object as the temperature across its surface and have been used for 
predicting water stress, disease and pathogen pressure, and evaluating fruit maturation 
and quality.  Digital imagery is the most limited of the three approaches in terms of the 
number of estimable parameters, however the low cost, simple data extraction, and data 
robustness make them suitable for applications that estimate green biomass, plant color, 
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CHAPTER 2. LITERATURE REVIEW OF CANOPY LIGHT INTERCEPTION 
2.1 Introduction  
Canopy development plays a critical role in the fraction of light intercepted by 
crops.  LI is directly influenced by the size, speed, and duration of CC (Koester et al., 
2014).  Adequate LI by crop canopies is a fundamental process that influences many 
physiological mechanisms related to crop growth and Yp.  Adapted from Monteith 
(1977), Yp can be parameterized by the following equation: Yp=0.487 × Io × LI × RUE × 
HI, where Io is the cumulative incident solar radiation throughout the growing season.  LI 
is the fraction of total incident solar radiation intercepted by the crop canopy.  RUE 
represents radiation use efficiency, and is described by the amount of biomass produced 
(g m-2) per unit of intercepted solar radiation (MJ m-2) through the processes of 
photosynthesis and respiration.  Finally, HI is the harvest index or partition efficiency, 
and is determined by the amount of biomass energy apportioned to reproductive versus 
vegetative structures (Zhu et al., 2010; Koester et al., 2014).  Watson (1947, 1952) 
proposed that the majority of grain yield variation between crop species, varieties, and 
within and between years was attributed to variation in LI.  It was suggested that the 
inability of the other Yp parameters (RUE & HI) to account for variation in grain yield is 





LI and the subsequent use of intercepted radiant energy for biomass production 
are fundamental processes known to significantly influence crop growth and grain yield 
(Liu et al., 2004).  CGR and canopy photosynthetic rate are parallel processes regulated 
by the amount of ambient light and the percentage of this light intercepted by crop 
canopies (Board & Kahlon, 2011).  LI influences seasonal photosynthetic activity and 
CGR through the production of adenosine triphosphate (ATP) and nicotinamide adenine 
dinucleotide phosphate-oxidase (NADPH) for fixation of CO2 into dry matter through the 
production of carbohydrates.  The TDM accumulated during this process is directly 
associated with grain yield through the transfer of stored nutrients to yield components 
(Loomis & Connor, 1992; Board & Kahlon, 2011).  Using measurements of LI for 
accurate in season estimation of CGR, biomass accumulation, and grain yield as well as 
other agronomic traits associated with these parameters, would provide breeders and 
agronomists an efficient method for evaluating seasonal growth dynamics, plant-to-plant 
competition, analysis of plant stress, and selection of potentially high-yielding genotypes 
prior to harvest (Hoyos-Villegas et al., 2014).  LI measurements have also shown promise 
as grain yield prediction tools in situations where breeding populations are lost due to 
adverse environmental events during late season yield formation (Board & Kahlon, 
2012). 
2.1.1 Measuring Canopy Light Interception 
The importance of CC and LI for crop growth and grain yield is well documented.  
However, these parameters are often neglected as selection targets and during large scale 




(Purcell, 2000).  Historically, nondestructive estimation of CC and LI have been 
determined through visual estimation (Olmstead et al, 2004), measurements of crop width 
using tape measures (Daughtry & Holliner, 1984; Garcia et al, 2001; Ross et al., 2000) 
and volumetric methods (Paton et al., 1998), the analysis of canopy shadow intersection 
on metric strips, and paper illustrations of the coverage area (Adams & Arkin, 1977; 
Bolstad & Grower, 1990; Smith et al., 1999), and methods which employ the use of line-
source quantum sensors (Gallo & Daughtry, 1986; Molloy & Moran, 1991).  While these 
methods have proven to be successful approaches for estimation of LI, many limitations 
exist regarding their precision, accuracy, and efficiency.  For example, visual estimation 
is highly dependent on the skill of the person conducting the evaluation and results will 
not be comparable when multiple observers are involved (Olmstead et al, 2004).  
Similarly, estimations using measurements of crop width and paper drawings exacerbate 
human error through problems associated with selection of measurement area, and 
inability to accurately and reproducibly draw the canopy area.  Line quantum sensors are 
the most commonly used method to quantitatively characterize CC (Purcell, 2000).  Also 
known as photosynthetically active radiation (PAR) bars or light bars, line quantum 
sensors estimate LI by sequentially measuring the total incident PAR above the canopy 
and transmitted PAR below the canopy (Board et al., 1992; Egli, 1994; Flenet et al., 
1996).  The two measurements can then be used to calculate LI through the following 
equation: LI = [1-(PAR beneath canopy) × (PAR above canopy)-1] (Purcell, 2000).  
Despite the wide acceptance of this method for estimating CC and LI, several limitations 
exist that can compromise the accuracy and efficiency of data collection.  Because 




canopy measurements in order to sufficiently characterize the sample area of interest 
(Klassen et al., 2003).  In addition to the time constraints imposed by acquiring multiple 
measurements per sample, accurate estimation with line quantum sensors is highly 
dependent on cloud cover and time of day due to diurnal variation in sun angle (Purcell, 
2000).  Therefore, to obtain accurate estimations of CC, measurements must be acquired 
within one hour of solar noon on cloudless days, thus leaving a small window of 
opportunity for data collection (Board et al., 1992; Egli, 1994; Flenet et al., 1996).  All of 
the aforementioned CC estimation methods are low-throughput approaches in that they 
require a significant amount of time to acquire accurate measurements on relatively few 
samples.  Furthermore, these methods have a high probability of introducing error and 
have low repeatability.  The ability to evaluate LI for field scale monitoring or evaluation 
of large breeding populations requires accurate, high-throughput methods of data 
acquisition.  
Purcell (2000) developed a precise and rapid technique for evaluating seasonal 
variation of soybean CC through the use of ground-based digital imagery.  Using images 
from digital cameras and SigmaScan Pro (SPSS Inc., Chicago IL.) batch analysis 
software, percent CC was quantitatively estimated on a continuous scale.  This research 
revealed a one-to-one relationship between fractional CC determined through image 
analysis and canopy LI measurements using a line quantum sensor; thereby facilitating 
the use of digital imagery to evaluate seasonal canopy interception of PAR (Purcell, 
2000; Karcher & Richardson, 2005).  Similar results have been repeated in numerous 
studies across various crop species including: lettuce (Lactuca sativa L.; Klassen et al., 




lycopersicum L.) and cauliflower (Brassica oleracea L.; Campillo et al., 2008), cotton 
(Gossypiumhirsutum L.; Gonias et al., 2007), potatoes (Solanum tuberosum L.; Casa et 
al., 2007), and maize (Zea Mays L.; Sarlangue et al., 2008).  These findings have 
significantly improved the ability for which LI can be estimated through characterization 
of CC by overcoming the major limitations attributed to aforementioned methods 
2.1.2 Canopy Light Interception and Crop Growth  
 CC can be interpreted as the physical expression of a series of underlying 
processes that occur throughout the cropping cycle, and thus represents the expression of 
all reactions and processes contributing to crop growth (Bojaca et al., 2011).  Due to the 
importance of CC for facilitation and expression of physiological traits and processes 
related to crop growth and grain yield, numerous studies have evaluated this parameter in 
several crop species.  Klassen et al. (2003) evaluated percentage CC using digital 
imagery as a means of estimating absorbed photosynthetically active radiation (APAR), 
canopy photosynthesis, and relative growth rate (RGR) of hydroponically grown lettuce.  
Regressing percentage CC against APAR acquired by a line quantum sensor revealed a 
strong positive relationship (R2=0.99).  The relationship between these parameters nearly 
represented a 1:1 ratio, however variation over time resulted in a primarily nonlinear 
association.  To understand the cause of this deviation, one must recognize the difference 
between APAR and intercepted photosynthetically active radiation (IPAR), both of which 
are most commonly estimated using line quantum sensors.  IPAR describes the amount of 
PAR in contact with crop vegetation, or simply, the amount of incident PAR that does not 




the total incident PAR (Io) above the canopy and the PAR transmitted (Tc) through the 
canopy to the soil surface.  In contrast, accurate estimation of APAR requires additional 
above canopy measurements for characterization of PAR reflected from the canopy (Rc), 
and PAR reflected by the soil (Rs) (Daughtry et al., 1992).  This is simply quantifying the 
amount of PAR reflected back into the earth’s atmosphere and therefore not absorbed by 
the plant.  With these additional measurement, APAR may be computed as defined by 
Gallo and Daughtry (1986): APAR = (Io + Rs) – (Tc + Rc).  From this we can interpret 
why the regression between IPAR and APAR is not a perfect 1:1 relationship. This 
deviation occurs because individual leaves and plants can never absorb 100% of the 
incident PAR (Klassen et al., 2003).  This phenomenon is most prominent, and best 
explained at canopy closure where percentage CC (or LI) can reach 100%, while 100% 
APAR can never achieved (Klassen et al., 2003).  Thus, estimates of APAR using IPAR 
will be overestimated, particularly as canopies reach full closure.  While APAR is a more 
accurate indicator of plant growth, Klassen et al. (2003) showed daily IPAR has a very 
close relationship with daily photosynthesis as seen by regressing IPAR against daily 
carbon gain (mol C-2 d-1) (R2 = 0.99).  The relationship between APAR and daily carbon 
gain (R2 =0.99) was found to be similar to that of IPAR.  These relationships suggest that 
crop growth is very closely related to measurements of APAR and IPAR.  To further 
evaluate this relationship Klassen et al. (2003) compared RGR computed from APAR 
and IPAR with the standard practice of using destructively sampled dry mass by 
implementing the following equation: RGR = ln (M2 / M1) / ∆t. Where M1 and M2 are the 
initial and final, respectively, dry mass, APAR or IPAR acquired from repeated, 




mass, IPAR, APAR) and results showed that using APAR or IPAR in place of dry mass 
resulted in similar estimates of RGR and maintained the relative ranking of the treatments 
(Klassen et al., 2003).  The importance of this finding is the ability to estimate dry mass 
and growth rates through rapid, nondestructive methods of LI. This study confirmed the 
results from Gallo and Daughtry (1986) which determined that differences between 
APAR and IPAR are usually insignificant (<3.5%) when evaluating maize from 
emergence to physiological maturity. This phenomenon was further evaluated in soybean 
where a very strong (R2 = 0.99) 1:1 relationship was revealed by regressing IPAR on 
APAR (Gallo & Daughtry, 1986).  Because APAR represents the actual amount of PAR 
available for biomass production, it is indeed a more direct assessment of crop growth 
compared to IPAR.  However, IPAR benefits from better precision, improved 
repeatability, as well as superior efficiency and reduced error due to fewer measurements 
which are less sensitive to spatial and temporal variation (Klassen et al., 2003). 
Crop biomass is the product of seasonal incident PAR (Io), fractional light 
interception by crop canopies (LI), and the conversion of this chemical energy into plant 
dry matter (RUE; Richards, 2000).  Seasonal summation of these variables express total 
crop biomass as (Daughtry et al., 1992): Biomass = ∑ Io × LI × RUE.  Thus, from this 
equation we can conclude that increasing the seasonal total of any term will subsequently 
increase crop biomass.  Of these components, the total amount of light intercepted, as 
influenced by the rate and duration of crop growth, has contributed the most to increased 
biomass, photosynthesis, and grain yield (Richards, 2000).  In the absence of stress, 
biomass accumulation and cumulative photosynthetically active radiation (CIPAR) 




& Muchow, 1999).  The conversion of solar energy into crop biomass production is 
largely determined by the effective capture of solar radiation, of which grain yield is a 
direct beneficiary.  Results from Gallo and Daughtry (1986) highlight the importance of 
APAR on plant biomass accumulation.  In this study above ground dry biomass and 
APAR collected for corn and soybean were found to have strong linear relationships (R2 
= 0.99 and R2 = 0.91, respectively) from planting to mid-grain fill.  Studies have shown 
similar results between IPAR and biomass (Purcell et al, 2002; Edwards et al, 2005; 
Souza et al., 2010).   
Non-destructive measurements of total aboveground green biomass have been 
accomplished using the normalized difference vegetation index (NDVI) (Ma et al., 2001; 
Serrano et al., 2000).  Spectroradiometers capable of quantifying light in the NIR and 
VIS regions of the electromagnetic spectrum facilitate the calculation of NDVI through 
the following equation (Ma et al., 2001): NDVI = (NIR – VIS) / (NIR + VIS).  Healthy, 
dense vegetation will absorb most of the incoming VIS light while reflecting a large 
amount of NIR light.  In contrast, regions of unhealthy, sparse vegetation will reflect 
larger amounts of VIS while absorbing more NIR (Weier & Herring, 2000).  
Spectroradiometers have the capacity to quantify this reflected light which can then be 
used for the calculation of NDVI.  NDVI values range from -1 to 1, where negative 
values represent clouds, water, and snow; positive values represent rock or bare soil; and 
values approaching 1 are attributed to increasingly dense and healthy vegetation (Wejer 
& Herring, 2000).  Because NDVI, APAR, and IPAR are all essentially measuring the 
density and area of crop vegetation, and are dependent on the amount of above ground 




soybean, APAR and NDVI were found to have a strong linear relationship (R2 = 0.96) 
when regressing values acquired from planting to mid-grain fill (Gallo & Daughtry, 
1986), and as previously mentioned, APAR values for both corn and soybean were found 
to have significant linear relationships with total above ground dry mass.  Casadesús et al. 
(2007) concurrently acquired NDVI and CC values approximately two weeks after 
anthesis in irrigated and non-irrigated durum wheat (T. turgidum var. durum) trials.  In 
the rainfed treatment, correlation coefficients (r) between canopy coverage and NDVI (r 
= 0.93) suggested that these parameters are significantly associated with one another.  
While remaining significant (P < 0.001), the correlation between NDVI and CC in the 
irrigated treatment was substantially lower (r = 0.26).  This reduced correlation is 
attributed to the narrow sample variation of the NDVI as it approaches its upper limit.  As 
crop canopies reach a high LAI the NDVI becomes saturated, thus further increases in 
leaf area will not produce a proportional increase in NDVI (Aparicio et al., 2000; Royo et 
al., 2003; Casadesus et al., 2007).  Due to the positive association between greater 
anthesis biomass and increased grain yield, Casadesus et al. (2007) further investigated 
these parameters as they pertain to grain yield.  A significant relationship between grain 
yield and NDVI (r = 0.78), and a slightly better relationship between grain yield and CC 
(r = 0.80) were found in the rainfed treatments.  Similar to the reduced correlation 
observed between NDVI and CC in the irrigated treatment, correlation coefficients were 
considerably lower between grain yield and both NDVI (r = -0.08) and CC (r = 0.17) 
under these conditions. Comparable results pertaining to the relationship between NDVI 
and CC (R2 = 0.93) as well as the relationship between crop biomass and CC (R2 = 0.75) 




ryegrass (Lolium multiflorum Lam.), triticale (Triticale hexaploide Lart.), ‘Aroostook’ 
rye (Secale cereale), and wheat (Triticum aestivum L.) (Prabhakara et al., 2015).   
The ability of cover crops to rapidly achieve a high percentage groundcover is 
critical for the prevention of soil erosion (Bowman et al., 2000), nitrate leaching (Gabriel 
et al., 2012), and suppression of weed species (Den Hollander et al., 2007).  Cover crops 
may also be used to control soil borne diseases, harbor beneficial insects (Mojtahedi et 
al., 1991), and enhance soil physical properties and organic matter (Kuo et al., 1997; 
Reeves, 1994).  It is therefore vitally important to assess seasonal growth dynamics to 
assist with selection of the appropriate cover crop for optimization of management needs 
(Ramirez-Garcia et al., 2014).  Bodner et al. (2009) acquired digital images of cover crop 
canopies to quantitatively characterize seasonal growth patterns by curve fitting coverage 
values through non-linear regression.  Curve fitting repeated measures data to the 
asymptotic Gompertz growth model enables the characterization of canopy growth 
dynamics by estimating parameter values for maximum CC (%), growth rate (d-1), and 
time until maximum growth rate is achieved (days) (Bodner et al., 2009).  These derived 
growth parameters were compared between phacelia (Phacelia tanacetifolia Benth. Cv. 
Vetzrouska), hairy vetch (Vicia villosa L. cv. Beta), rye (Secale cereale L. cv. Picasso), 
and mustard (Sinapis alba L. cv. Caralla) to dissect and assess plant traits relevant for 
erosion control and to evaluate seasonal environmental influences on these growth 
parameters.  For example, results showed the ability to distinguish vetch as the species 
with the lowest early vigor after dry sowing conditions as it required the longest time 
(+45%) to attain the maximum growth rate.  When drought occurred later in the season, 




canopy cover (-41%).  Ramirez-Garcia et al. (2014) conducted a similar experiment to 
evaluate growth parameters in five cover crop species derived by fitting repeated 
measurements of percentage CC to the Gompertz growth function.  Species variability in 
parameter expression enabled the researchers to characterize the grasses as those with the 
greatest maximum ground cover, while a fast growth rate allowed barley to cover the 
ground faster than the other species.  Response to stress can also be characterized as seen 
by the decreased CC in mustard subjected to low temperatures in late January.  
2.2 Soybean Canopy Coverage and Light Interception  
2.2.1 Physiological Importance 
In soybean, full CC, and thus maximum LI, prior to the period of economic yield 
production is a prerequisite to achieve Yp (Shibbles & Weber, 1966; Tanner & Hume, 
1978).  Competitive soybean lines exhibited a rapid rate of development to full closure, 
increased LI, decreased weed pressure (Place et al., 2011; Jannink et al., 2000), and 
retained more soil moisture (Purcell & Specht, 2004; Ray et al., 2002; Westgate et al., 
1997).   
In order to maximize soybean Yp it is necessary to maximize CIPAR.  In the 
absence of biotic and abiotic stresses, soybean grain yield is determined by CIPAR 
(Edwards et al., 2005).  The amount of CIPAR required to reach asymptotic grain yield 
production in soybean has been estimated at 468 MJ m-2 (De Bruin & Pederson, 2009) 
and 605 MJ m-2 (Edwards et al., 2005).  In addition to CIPAR, grain yield is also largely 
influenced by the ability of soybean canopies to maximize LI during important 




optimal CGR and grain yield, full LI (95%) must occur before production of economic 
yield.  Depending on the region of growth, full CC by R1 (Kane & Grabau, 1992; Board, 
2004) and R5 (Board & Harville, 1994; Lee et al., 2008) have been reported as necessary 
to achieve maximum soybean grain yield.  The influence of management practices and 
environmental effects on soybean grain yield are predominantly explained by altered LI 
and CGR during the period of emergence to R5 (Board & Kahlon, 2011; Ball et al., 2000; 
Board et al., 1990; Edwards et al., 2005; Egli & Yu, 1991).  The greatest reductions in 
grain yield have been shown to occur when defoliation at R5 decreased CC below that 
required for optimal LI ( <95% LI) (Fehr et al., 1977; Fehr et al., 1981; Goli & Weaver, 
1986; Gazzoni & Moscardi, 1998; Board, 2004).  Similar studies which altered LI 
through methods of defoliation have concluded that reduced LI, and the subsequent 
decrease in canopy photosynthetic rate are the most influential factors contributing to 
reduced soybean grain yield (Board et al., 2010; Browde et al., 1994; Higley, 1992; 
Ingram et al., 1981).  
The CIPAR by soybean canopies is proportional to (1) the duration of light 
accumulation; (2) the quantity of daily incident PAR; and (3) the fraction of incident 
PAR intercepted by the crop (Purcell et al., 2002).  While (2) is strictly a result of the 
environment for which the crop is grown and therefore cannot be altered, both agronomic 
practices and selection of genetically superior cultivars can influence the amount of light 
intercepted through improvements in (1) and (3).  Genetic and agronomic practices that 
wish to improve the interception and utilization of light energy should focus on 
improving the rate at which canopy closure occurs, the duration of CC, and the timeliness 




2.2.2 Cultural Control of Light Interception  
As summarized by Rowntree et al. (2013), the primary agronomic practices 
thought to have contributed to improved soybean grain yield are: (i) earlier planting dates 
(Heatherly & Elmore, 2004; Specht et al., 1999; Johnson, 1987), (ii) narrower row 
spacing (Heatherly & Elmore, 2004; Specht et al., 1999; Voldeng et al., 1997),  (iii) 
higher seeding rate (Voldeng et al., 1997), (iv) improved weed control and herbicide use 
(Luedders, 1977; Specht et al., 1999; Voldeng et al., 1997), and (v) reduced harvest 
losses (Specht et al., 1999).  Similarly, many of these practices have contributed to 
increased canopy LI, and in several cases the observed increases in grain yield are 
directly associated to improvements in seasonal LI.    
Higher plant density and reduced row spacing are two agronomic practices that 
significantly improve seasonal PAR interception by shortening the time required to 
achieve maximum LI (Ball et al., 2000; Shibles & Weber, 1966).  Decreasing the time 
required for canopy closure increases the daily photosynthetic potential (Shibles & 
Weber, 1965), which is proportional to increased grain yield (Wells et al., 1982).  The 
ability to maintain high canopy apparent photosynthesis further into reproductive 
development, as facilitated by retaining CC and LI, has also been shown to be highly 
correlated with soybean grain yield (Ashley & Boerma, 1989; Wells et al., 1982, Wells, 
1991).  Jiang and Egli (1995) found that soybean grain yield is determined by canopy 
photosynthesis during reproductive growth (R1 through R7), thus max LI during this 
period is required to enhance photosynthesis and grain yield (Wells, 1991).   
Shibles and Weber (1965) evaluated soybean planted in a hexagonal pattern at 




required 11 and 13 additional days to achieve optimal LI of 95% compared to the 
medium and high populations, respectively.  High plant densities increase LI by 
providing greater CC per ground area.  De Bruin and Pedersen (2009) determined that the 
linear relationship between plant density and CIPAR resulted in a 10% CIPAR increase 
per 10 additional plants m-2 in a study of soybean sown in 38-cm rows at plant densities 
of 4.9, 14.8, 24.7, 34.6, and 44.5 plants m-2.  Thus, plants sown in the 4.9 plants m-2 
treatment captured 40% less CIPAR than 44.5 plants m-2 from emergence to R6.  Higher 
plant density facilitates increased LI primarily at the beginning of the season due to faster 
CC as seen by the 10% greater LI for the 44.5 plants m-2 treatment compared to 4.9 plants 
m-2 at the V1 growth stage.  However, even at R6, plant densities ≥ 24.7 plants m-2 
intercepted 10% more light compared to densities of 4.9 and 14.8 plants m-2.  The amount 
of energy fixed by soybean crops is directly proportional to the interception of solar 
radiation regardless of planting pattern as suggested by the strong linear relationship 
between dry matter production and percent LI (Shibles & Weber, 1965, 1966).   
Reducing the time for maximum LI enables linear biomass accumulation to occur 
earlier in the season, and thus results in greater biomass production (Ball et al., 2000).  
Purcell et al. (2002) assessed the response of seasonal soybean biomass to CIPAR as 
influenced by plant densities ranging from 4 to 88 plants m-2 and determined that high 
populations consistently increased seasonal PAR accumulation and biomass production 
by decreasing the time required for maximum LI and linear biomass accumulation.  
CIPAR and final crop biomass were closely related (R2=0.76) from emergence to R6, and 
increased grain yield was found to be a result of greater biomass production.  Edwards et 




biomass (R2 = 0.71) as well as CIPAR and grain yield (R2 = 0.71) for MG 00 to VI 
cultivars.  In this study, high plant density was required to provide sufficient CIPAR to 
achieve maximum grain yield, thus soybean grain yield response to increased plant 
population can be explained by greater CIPAR. 
Together, row spacing and population influence planting pattern.  For example, at 
a set row spacing, intraplant distance decreases with an increasing plant population. 
Therefore, a technique for utilizing high populations is to decrease row spacing so 
planting patterns represent seeds spaced more equidistant from one another (Ball et al., 
2000).  Improved LI, as a result of greater LAI, is considered the main factor explaining 
grain yield improvements in narrow vs wide rows (Board & Harville, 1992).  
Measurements of LI using line quantum sensors (Wells, 1991) and overhead photography 
(Stewart et al., 2007) have both shown strong positive linear relationships with LAI.  
Narrow rows have been shown to increase LI across all developmental stages when 
compared to wider rows (Board & Harville, 1992).  However, similar to the trends seen 
by De Bruin and Pederson (2009) when comparing LI of high and low plant densities, the 
influence of narrow- vs wide-row spacing on LI was more pronounced during the 
vegetative and early reproductive periods (50-100% increase in narrow-row LI) 
compared with the seed-filling periods (15-17% increase in narrow-row LI) (Board & 
Harville, 1992).   
To better understand the influence of narrow-row culture on soybean LI as it 
pertains to specific developmental periods, Board et al. (1992) evaluated LI, CGR, and 
yield components during the vegetative (E-R1), early reproductive (R1-R5), and late 




increased grain yield as influenced by greater LI at all developmental periods.  Analysis 
of CGR at each developmental period revealed that increased LI in narrow rows 
contributed to higher grain yield by increasing CGR, and thus TDM during vegetative (E-
R1) and early reproductive (R1-R5) periods.  The importance of early growth on soybean 
grain yield in narrow rows has previously been reported by Wells (1991) who found that 
increased grain yield in narrow rows was the result of greater canopy apparent 
photosynthesis due to improved LI at early growth stages.  However, after R5, there was 
no difference in canopy apparent photosynthesis rates among treatments and thus 
provides no explanation for the observed differences in grain yield.  The influence of 
greater LI and CGR facilitates grain yield improvements by increasing the number of 
main stem nodes and pods per fertile node as determined during the vegetative and early 
reproductive periods, respectively (Board et al., 1992).   In conclusion, results suggest 
that greater grain yield, in response to increased LI in narrow rows is determined prior to 
the late reproductive period (Board et al., 1992; Wells. 1991; De Bruin & Pederson, 
2009).     
Ball et al. (2000) evaluated the influence of plant density and row spacing on crop 
growth, biomass production, time to reach canopy closure, and grain yield in short-season 
production systems in the southern US.  In short-season production systems it is critical 
to achieve rapid canopy closure as these cultivars and practices may lead to 
underutilization of available light during flowering and seed fill due to insufficient leaf 
area (Board et al., 1992).  As plant density increased from 7 to 134 plants m-2, and row 
spacing decreased, high LI occurred earlier in the season which resulted in greater grain 




required for plants to begin linear crop growth.  Narrow row spacing, especially at high 
plant densities, provides a geometric advantage through a more uniform plant 
distribution, and thus allows for more rapid canopy closure compared to wider rows.  Ball 
et al. (2000) showed that rapid closure in narrow-row treatments increased LI, decreased 
time to begin linear crop growth, and had similar grain yield responses as reported by 
Board et al. (1992).  In all treatments, maximum LI was highly correlated with CGR (r = 
0.73 to 0.95), time to begin linear crop growth (r = -0.45 to -0.87), maximum biomass (r 
= 0.85 to 0.96), and grain yield (r = 0.82 to 0.94).  Interestingly, as row spacing widened, 
so did the correlations between variables, suggesting that CGR, biomass, and time to 
begin linear crop growth were all grain yield limiting factors in these treatments as a 
result of inefficient LI.  Results from this study agreed with Board et al. (1992) who 
determined that early establishment of leaf area for maximum LI is a primary growth and 
grain yield determining factor in short-season soybean production systems.   
Earlier planting dates have also been shown to increase seasonal CIPAR by 
extending the duration of canopy LI.  Purcell et al. (2002) determined that larger values 
of CIPAR for early vs late-sown treatments were due to longer periods for light 
accumulation and greater amounts of incident PAR during reproductive development 
when soybean crops are approaching full canopy closure.  Late planting has the effect of 
shortening developmental periods and decreasing LAI (Board & Harville, 1992), thus 
reducing the available canopy area for LI and biomass accumulation (Pedersen & Lauer, 
2004).  To counteract the reduced duration for LI in late-sown conditions, soybean 
seeding rates should be increased to facilitate rapid canopy closure for improved LI and 




2.2.3 Genetic Control of Light Interception  
Increased crop photosynthesis and grain yield are typically related to greater 
biomass production expressed as the product of total incident radiation throughout the 
duration of crop growth, the amount of light intercepted by crop canopies, and the 
conversion of chemical energy into plant dry matter (Richards, 2000).  Improved LI 
through rapid canopy development and longer crop duration are considered the main 
contributors to increased biomass, total photosynthesis, and grain yield; thus making 
these parameters likely targets for selection of genetically superior crops.  Richards 
(2000) proposed that genetic selection for improved LI occurred inadvertently since the 
beginning of crop domestication through the selection of large, competitive seedlings 
with fast CGR, resulting in larger plants with rapid canopy development, and therefore 
greater LI.  
Recently, evaluation of 24 soybean cultivars released between 1923 and 2007 
showed that greater biomass production and Yp of new cultivars is driven by linear 
increases in LI, RUE and HI (Koester et al., 2014).  LI regressed against cultivar YOR 
revealed a significant positive relationship during both years of the study (r = 0.47, P < 
0.05 for year 2013; r = 0.67, P < 0.001 for year 2014).  Increased grain yield with cultivar 
year of release was attributed to improved LI through a longer crop duration (~10 days 
longer) due to more recent cultivars maturing later, and thus retaining photosynthetically 
active canopy later into the season.  Consistent with results from Suhre et al. (2014), 
lodging was found to decrease with cultivar YOR, and similar to the effect of maturity, 
decreased lodging promoted increased LI by lengthening the duration of active canopy.  




historic cultivars.  Therefore, improved LI over the last 80 years of soybean breeding can 
be attributed to extending the growing season through later maturing cultivars and 
decreased lodging.   
Kumudini et al. (2001) evaluated two old (low Yp) and two new (high Yp) short-
season soybean cultivars to determine the contribution of dry matter accumulation to 
genetic improvement of soybean Yp.  Results showed that TDM accumulated was similar 
in old and new cultivars at the beginning of the R4 growth stage.  Following R4, the 
onset of senescence occurred at the same time for both cultivar sets, however newer 
cultivars showed a much slower rate of senescence and thus retained greater LI and 
photosynthetically active canopy later into the seed fill period.  Consequently, by the time 
cultivars reached harvest maturity, new cultivars had significantly greater dry matter 
accumulation. This study suggested that continued carbon assimilation further into the 
seed fill period has contributed significantly to the genetic gain of soybean as greater dry 
matter accumulation was responsible for 78% of the grain yield improvement between 
the set of historic cultivars.  These results were later confirmed by Pedersen and Lauer 
(2004), who suggested that newer cultivars had a higher CGR, and accumulated more dry 
matter during seed filling as a result of a longer leaf area duration during reproductive 
growth.  
 While the previously mentioned studies suggest that improved LI has contributed 
to genetic improvement in soybean Yp, breeder selection of superior cultivars during this 
period was the result of selecting for grain yield per se, thus it is probable that improved 
LI in newer cultivars has been selected for inadvertently.  The efficiency for which 




various management practices, however there is also potential to alter LI by breeding for 
altered canopy structure and plant morphology (Palmer & Kilen, 1987).  Seversike et al. 
(2009) proposed that seven-leaflet lines may provide a genetic option for directly 
increasing LI through greater leaf area.  The rationale for conducting such an experiment 
is to identify cultivars with rapid CC for improved LI in order to offset the need for high 
populations to achieve sufficient LI in short-season production systems of the mid-
southern US.  Analysis of leaf area showed that while area per leaf was consistently 
greater for seven-leaflet isolines, leaf area per plant was similar to the thee-leaflet lines 
due to fewer main-stem leaves per plant for the seven-leaflet isolines.  Consequently 
there were no differences in CIPAR between leaflet types at high populations (> 40 plants 
m-2).  However, at population’s ≤ 40 plants m-2, seven-leaflet isolines had significantly 
higher CIPAR.  This phenomenon was reflected in the grain yield response as the seven-
leaflet soybean recorded higher grain yield than the three-leaflet isolines at plant densities 
of 10 and 20 plants m-2.  Conversely, at plant densities > 30 plants m-2, reported grain 
yield for the seven-leaflet isolines were the same, or less than, three-leaflet isolines.  
Across all treatments the grain yield response to CIPAR showed a strong linear 
relationship (R2 = 0.87), however there was no significant effect of leaflet number.   
2.2.4 Yield Prediction  
CC is the physical expression of reactions and processes that contribute to crop 
growth (Bojaca et al., 2011), and therefore the expression of this parameter is sensitive to 
environmental conditions which influence seasonal growth dynamics.  Because of the 




photosynthesis, CGR, and TDM; canopy based estimates of LI have the potential to be 
use as pre-harvest grain yield prediction tools as well as for seasonal environmental stress 
analysis. Implementing these tools into breeding programs can assist with identifying 
phenotypic variation among cultivars for indirect selection of relevant traits to 
complement selection for grain yield per se (Hoyos-Villegas et al., 2014).  
 Reduced LI and the concurrent decrease in canopy photosynthesis due to 
defoliating agents such as insects, diseases, and hail are major contributors to reduced 
soybean grain yield (Board et al., 2010; Browde et al., 1994; Higley. 1992; Ingram et al., 
1981).  Therefore, the ability to quantitatively characterize LI during the growing season 
may provide farmers the opportunity to rapidly implement management practices to 
diminish existing stressors in order to protect Yp, as well as estimate the economic return 
from expected grain yield to determine if the implemented practices are economically 
beneficial.  Breeders can benefit from these tools by the ability to differentiate genotypes 
superior in resistance to the extant stress, in addition to estimating grain yield in the event 
of partial or complete loss of the population to avoid forgoing a season of selection.  
Board et al. (2011) used measurements of LI as a defoliation-induced yield-loss 
prediction tool by generating regression models relating grain yield response to reduced 
LI.  Models revealed strong linear and quadratic relationships when regressing grain yield 
on percentage LI reduction during flowering/pod formation (R2 = 0.95), early seed fill (R2 
= 0.92), mid seed fill (R2 = 0.82), and late seed fill periods (R2 = 0.74).  Results suggest 
that a large amount of variability in grain yield can be explained by differences in canopy 
LI and that soybean became more tolerant to reduced LI as they grew closer to harvest 




for studies conducted in Baton Rouge, LA (Board, 2004), St. Gabriel, LA (Board et al., 
1994; Board et al., 1997), Tallassee, AL (Goli & Weaver, 1986), and Ames, IA (Fehr et 
al., 1981) and results showed a 1:1 relationship (R2 = 0.93) indicating that the regression 
models are valid across various genotypes and environments.   
Board and Kahlon (2012) conducted a similar study using LI and developmental 
timing to predict TDM at growth stages that are critical for grain yield formation.  
Regression analysis showed the ability to predict TDM at R1 (R2 = 0.84) using LI at R1 
and days to R1.  Similarly, days to R5 and date of canopy closure (95% LI) were found to 
accurately predict TDM at R5 (R2 = 0.94).  Using predicted TDM at R5, predicted grain 
yields were calculated and regressed against observed grain yields which revealed a 
significant (R2 = 0.63) relationship with a nearly 1:1 ratio when all genotypic and 
environmental means were used.  When conducting the same analysis with only one 
genotype, and thus considering only environmental factors, the relationship improved (R2 
= 0.84) and retained the 1:1 ratio between predicted and observed grain yield.  
In one of the most comprehensive soybean CC studies to date, Hoyos-Villegas et 
al. (2014) used-ground based digital imagery as a phenotyping tool to assess seasonal 
canopy growth dynamics, and predict grain yield and other crop traits in two soybean 
cultivars subjected to rooting depth restrictions and variable soil moisture availability.  
Weekly assessment of CC from early vegetative growth to complete senescence 
effectively characterized seasonal canopy growth patterns and identified variation in CC 
in response to drought stress and cultivar differences.  Pearson correlations (r) and 
principal component analysis revealed strong relationships between CC and other crop 




planting (DAP) was positively correlated with leaf biomass (r = 0.72), aboveground 
biomass (r = 0.87), and plant height (r = 0.95) measured at the R1 growth stage.  
Similarly, CC at 72 DAP was positively correlated with R5 measurements of leaf 
biomass (r = 0.80), aboveground biomass (r = 0.89), plant height (r = 0.94), and net 
photosynthetic rate (r = 0.76).  Grain yield correlated well with CC measurements 
spanning from beginning pod to seed fill periods when soybean is approaching or has 
reached maximum biomass accumulation (Fehr et al., 1971); specifically 57 (r = 0.59), 
72 (r = 0.47), 79 (r = 0.40), 92 (r = 0.70) and 99 DAP (r = 0.71).  Stepwise regression 
analysis was conducted using only data extracted from digital images to determine the 
feasibility of deriving fit equations that accurately predict the plant parameters evaluated 
in this study.  Based on an arbitrary significance threshold of R2 ≥ 0.70, seasonal image 
data was found to accurately predict grain yield (R2 =0.74), height at R1 (R2 = 0.80), 
aboveground biomass at R1 (R2 = 0.70), leaf biomass at R5 (R2 = 0.72), average 
photosynthetic rate (R2 = 0.80), and net photosynthetic rate at R5 (R2 = 0.70).  Canopy 
data also showed the ability to predict CGR from R1-R5 (R2 = 0.60), aboveground 
biomass at R5 (R2 = 0.63), and leaf biomass at R1 (R2 =0.65), however these parameters 
fell just below the designated lower limit required for successful model prediction.  
Validation of model prediction was conducted by regressing predicted and observed 
values for grain yield (R2 = 0.70), CGR (R2 = 0.69), and average photosynthetic rate (R2 = 
0.69).  The resulting R-squared values, random distribution of residuals, and low root-
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CHAPTER 3. QUANTITATIVE CHARACTERIZATION OF CANOPY COVERAGE 
IN THE GENETICALLY DIVERSE SOYNAM POPULATION 
3.1 Abstract 
 Despite estimates of annual on-farm soybean (Glycine max L. Merr.) grain yield 
gain ranging from 23-66 kg ha-1 yr-1, current trends show that the average decadal 
increase of soybean grain yield is declining in rate.  It is suggested that a narrowing 
genetic diversity of cultivated soybean germplasm due to direct selection for grain yield, 
and insufficient knowledge of the genetic influences underlying grain yield-associated 
physiological traits are contributing factors.  Canopy development plays a critical role in 
the fraction of light intercepted by soybean crops throughout the growing season.  Rapid 
canopy closure facilitates complete light interception and optimizes growth dynamic 
parameters, which ultimately contribute to total biomass accumulation and grain yield.  
The objective of this study was to assess the use of ground-based digital imagery as a 
phenotyping tool for quantitative characterization of seasonal canopy coverage and light 
interception in the genetically diverse SoyNAM population. Weekly measurements of 
canopy coverage from early vegetative to mid reproductive growth were acquired for 
5600 recombinant inbred lines during the 2013 and 2014 season.  An asymptotic logistic 
growth curve was fitted to the coverage data to estimate of daily canopy coverage in 
intervals between the actual sampling dates and enable calculation of canopy dynamic 




cumulative intercepted photosynthetically active radiation for the total sampling period 
(CIPAR), vegetative growth period (CIPARv), and reproductive growth period 
(CIPARr), and the number of days required to reach 30 (t30), 50 (t50), and 70 (t70) percent 
canopy coverage. Estimation of variance components showed that variation in phenotypic 
expression was significantly influenced by genetic differences among families for all 
canopy parameters.  The narrow-sense heritabilities for all canopy parameters were high 
(h2 = 0.81-0.90), and thus provide opportunities for genetic gain of canopy development 
through selection of superior genotypes. Strong genetic correlations to grain yield (rg = 
0.61-0.68) and high relative efficiencies of indirect selection (Re = 0.76-0.84) suggest 
simultaneous genetic gain of grain yield and canopy parameters through a positive 
correlated response to selection. 
3.2 Introduction 
Despite estimates of annual on farm soybean grain yield gain ranging from 23 kg 
ha-1 yr-1 (Suhre et al., 2014) to 66 kg ha-1 yr-1 (Board & Kahlon, 2011), current trends 
suggest that the average decadal increase in soybean grain yield is declining in rate 
(Conway, 2012); lack of diversity within cultivated soybean germplasm has been 
suggested as a contributing factor (Gizlice et al., 1993, 1994, 1996).  
Due to the low heritability of soybean grain yield (Anand & Torrie, 1963; Bartley 
& Weber, 1952; Hanson & Weber, 1962; Johnson et al., 1955) and the narrowing genetic 
diversity of soybean germplasm due to the historic selection of yield per se (Gizlice et al., 
1994; Sneller, 1994; Rincker et al., 2014), incorporating phenotypic selection of grain 




genetic gains and increased germplasm diversity (Kahlon et al., 2011; Richards, 2000). 
The effectiveness of selection is dependent on the heritability (h2) of the selected trait.  
Heritability is defined as the ratio of genotypic variance (𝜎𝜎𝑔𝑔2) to phenotypic variance (𝜎𝜎𝑝𝑝2), 
and thus provides an explanation of factors influencing variation of trait expression 
among genotypes in a population (Fehr, 1987).  Genotypic variance is an estimate of the 
genetic differences responsible for variation in phenotypic expression among genotypes.  
Phenotypic variance is defined as the total observed variance, and thus encompasses 
variance resulting from genotypic (𝜎𝜎𝑔𝑔2), and environmental differences (𝜎𝜎𝑒𝑒2), as well as 
differences due to their interaction (𝜎𝜎𝑔𝑔𝑒𝑒2 ).  In contrast to broad-sense heritability (H2), 
which encompasses the total genotypic variance (additive, dominance, and epistatic 
variance), narrow-sense heritability (h2) utilizes only the additive genetic variance that 
can be passed to the next generation, and therefore provides a better estimate of genetic 
gain from selection (Fehr, 1987).   
When incorporating phenotypic selection in a breeding program with goals of 
increasing grain Yp, it is critical that improvements in the secondary trait are also 
associated with improvements in grain yield.  The phenotypic correlation (𝑟𝑟𝐴𝐴𝐴𝐴) between 
two traits A and B is estimated from the covariance between traits (𝜎𝜎𝐴𝐴𝐴𝐴) and the variance 
within each trait A (𝜎𝜎𝐴𝐴) and B (𝜎𝜎𝐴𝐴).  Similar to the phenotypic variance component in 
heritability estimates, this can be the result of genetic (g) and/or environmental (e) effects 
(Falconer & Mackay, 1996).  Therefore, phenotypic correlations can provide the breeder 
with a general association between two traits, but fails to reveal the extent to which traits 




effects shared between two traits and is derived from the genetic variances of trait A 
(𝜎𝜎𝑔𝑔(𝐴𝐴)2 ), and B (𝜎𝜎𝑔𝑔(𝐴𝐴)2 ), as well as their genetic covariance (𝜎𝜎𝑔𝑔(𝐴𝐴𝐴𝐴)2 ) (Falconer & Mackay, 
1996).  Thus, the proportion of shared additive genetic variance, as estimated by the 
strength of the genetic correlation, determines the expected correlated response of one 
trait when selecting for the other (Bernardo, 2010).  If the heritability of the secondary 
character (B) is greater than that of the primary character (A) and a high genetic 
correlation exists between the two, the correlated response of A, by selecting for B, may 
be greater than direct selection for A itself, and can be estimated by calculating the 
efficiency of indirect selection (𝑅𝑅𝑒𝑒) as suggested by Falconer (1981).  While few 
examples exist where the efficiency of indirect selection is greater than the direct 
selection of the trait itself (Gallais, 1984), the use of indirect selection may be preferred 
when the secondary trait is more efficient or cheaper to measure than the primary trait 
(Bernardo, 2010).  Recent advances in field-based phenomics has improved the precision, 
efficiency, and cost of phenotyping and may provide sufficient methods of indirectly 
selecting for grain yield via selection of important physiological traits (White et al., 
2012).   
 The capacity to intercept incident solar radiation in soybean is a determining 
factor in achieving optimum crop growth and maximizing Yp (Campillo et al., 2008; 
Purcell et al., 2002).   The effective capture of solar radiation is dependent on the fraction 
of light intercepted by developing crop canopies, and thus the percentage of CC and 
percentage of LI can be used synonymously (Purcell, 2000).  LI provides the energy 
demand required for soybean growth and thus influences many physiological processes 




2008; Board & Kahlon, 2011; Board et al., 1992).  Optimizing these physiological 
processes is largely controlled by the ability to maximize LI (Shibles & Weber, 1965; 
Wells, 1991).  Due to the cause and effect relationship between LI and important 
physiological processes (Board et al., 1992), CC can be interpreted as the physical 
expression of all reactions and processes that occur throughout the duration of crop 
growth (Bojaca et al., 2011).  The capacity for which soybean canopies intercept solar 
radiation determines the amount of solar energy available for conversion into biomass, 
and is therefore the facilitating parameter controlling the ability of soybean to achieve 
inherent Yp (Koester et al., 2014).  This capacity is defined as the seasonal CIPAR and is 
determined by the speed and duration of canopy closure.  Richards (2000) suggested that 
a longer duration of crop growth and an increased interception of solar radiation are the 
two components that have contributed most to greater crop biomass, photosynthesis, and 
grain yield.   
A review of the literature suggests that improved management practices and 
genetic gain through selective breeding have improved soybean grain yield by increasing 
seasonal CIPAR.  Management has increased the speed of canopy closure by optimizing 
interplant competition through improvements in row spacing (Board et al., 1992; Board 
& Harville, 1992; Wells, 1991) and plant density (Shibles & Weber, 1965; Purcell et al., 
2002; Edwards et al., 2005; De Bruin & Pedersen, 2009).  These practices have improved 
CIPAR by facilitating rapid CC and thus achieving complete LI during early growth; a 
requirement for maximizing Yp (Ball et al., 2000).  Earlier planting dates have also been 
shown to increase seasonal CIPAR by extending the duration of canopy LI (Purcell et al., 




improvement of soybean has increased CIPAR by lengthening the duration of 
photosynthetically active canopy as a result of decreased lodging and later maturing 
cultivars (Koester et al., 2014).  Evaluating cultivars released between 1923 and 2007, 
Koester et al. (2014) found that increasing LI through genetic improvement of these traits 
is largely responsible for historical gains in soybean grain yield, while no differences 
were found regarding the rate of canopy closure in new vs old cultivars.  Richards (2000) 
suggested that the rate of canopy development has the potential to be genetically 
manipulated to achieve complete LI more quickly, however a review of the literature 
reveals no instances of this phenomenon in soybean.   
Previous studies evaluating the influence of LI on soybean Yp have typically 
assessed either the total amount of seasonal CIPAR or the critical developmental period 
in which canopy closure, and thus complete LI should occur in order to optimize crop 
growth parameters and maximize Yp.  In general it has been suggested that canopy 
closure must occur prior to the period of economic yield production to achieve Yp 
(Shibbles & Weber, 1966; Tanner & Hume, 1978).  Board & Harville (1994) suggested 
that maximizing soybean grain yield does not require optimal LI during the vegetative 
and early reproductive periods.  However, Shibbles & Weber (1966) proposed that 
optimizing LI during vegetative growth increases the daily photosynthetic potential of the 
crop, of which is proportional to increased grain yield (Wells, 1982).  The ambiguity of 
these results support Van Roekel et al. (2015) who suggested that insufficient knowledge 
exists regarding the genetic identification and contribution of physiological traits 
associated with grain yield.  For example, 172 QTL have been identified for soybean 




HI (Van Roekel et al., 2015).  Interestingly, previous research has shown that all of these 
traits are dependent on canopy LI (Koester et al., 2014; Sinclair & Muchow, 1999; 
Richards, 2000), and together these four parameters constitute soybean Yp (Monteith, 
1977).  The low resolution of previously established mapping techniques, limited allelic 
diversity, and complexities of genetic control for highly quantitative traits are the primary 
antagonists enabling the genetic characterization of grain yield-associated traits 
(McMullen et al., 2009).   Therefore, further evaluation of seasonal CC dynamics in 
populations with high genetic diversity and mapping power may promote the 
identification of novel traits with genetic control of grain yield and facilitate advanced 
breeding strategies for improving genetic gain and soybean Yp.  Despite the renowned 
importance of canopy LI for optimizing soybean growth and grain yield, no research has 
been conducted to characterize and evaluate seasonal dynamics as they pertain to 
genotypic differences in large, genetically diverse populations. The majority of canopy LI 
studies were conducted as a means to explain grain yield variation of soybean subjected 
to various planting densities and row spacing’s, and have done so with great success 
(Board et al., 1992; Board & Harville, 1992; Wells, 1991, Shibles & Weber, 1965; 
Purcell et al., 2002; Edwards et al., 2005; De Bruin & Pedersen, 2009).  Studies have also 
shown the ability to develop accurate models using measurements of LI obtained during 
specific developmental periods for prediction of grain yield, stress-induced grain yield 
reduction, and TDM (Board et al., 2011; Board & Kahlon, 2012).  However, a review of 
the current literature reveals a single study where variance components were derived 
from measurements of soybean LI to evaluate between-cross genetic variation among 




physiological traits.  Jannink et al. (2014) reported low estimates of heritability for 
canopy LI (h2 = 0.19-0.27), however the germplasm used in this study consisted of only 
three families of 35 progeny developed to evaluate relevant traits for indirect selection of 
weed suppressive ability, and therefore was probably lacking sufficient genetic diversity 
to reveal genetic differences for a highly quantitative trait such as canopy LI.  
Furthermore, only measurements of early and mid-season LI were acquired, and therefore 
lacked extensive characterization of seasonal CC dynamics.  Hoyos-Villegas et al. (2014) 
used ground-based digital imagery to acquire weekly measurements of CC during early 
vegetative growth through complete leaf senescence to evaluate the responses of two 
cultivars subject to various rooting depth restrictions.  CC measurements at various crop 
stages showed significant phenotypic correlations with leaf biomass, aboveground 
biomass, plant height, net photosynthetic rate, and grain yield.  Furthermore, multiple 
linear regression analysis incorporating only canopy data showed the ability to accurately 
predict all of the aforementioned physiological variables in addition to CGR across all 
root restriction treatments.  While this study was able to differentiate the two genotypes 
based on seasonal expression of CC, it has yet to be determined whether image derived 
estimates of CC have the capacity to reveal genetic differences among genotypes in large, 
genetically diverse soybean populations. 
The soybean nested association mapping population (SoyNAM) is a valuable 
germplasm resource for genetic analysis of complex physiological traits influencing Yp 
due to its broad genetic diversity comprised of high yielding elite cultivars, experimental 
breeding lines, and plant introductions from elite and exotic resources spanning several 




Sneller, 2001, Kim et al., 2012, Orf et al., 1999, Concibido et al., 2003).  The objectives 
of this study were to [1] assess the use of digital imagery for periodical estimation of 
fractional canopy coverage (CC) and derive canopy dynamic parameters to evaluate 
seasonal variation and growth patterns of canopy development; [2] determine if 
parameter variation exists among genetically distinct SoyNAM families; [3] calculate 
variance components to evaluate the association between canopy parameters and other 
measured agronomic traits; [4] estimate the efficacy of parameter selection for genetic 
improvement of soybean grain yield; and [5] determine the canopy parameter with the 
greatest potential for genetic improvement of soybean.  
3.3 Materials and Methods 
Field experiments were conducted in 2013 and 2014 at the Purdue University 
Agronomy Center for Research and Education (ACRE), West Lafayette, IN 
(40°28’20.5”N 86°59’32.3”W, 216 m above sea level) on a Chalmers silty clay loam 
(fine-silty, mixed, superactive, mesic Typic Endoaquolls) Raub-Brenton complex (fine-
silty, mixed, superactive, mesic Aquic Argiudolls). 
 For this study we used the SoyNAM population.  Forty families of maturity group 
III, F5-derived lines were created through single seed descent by crossing forty diverse 
founder lines to a common hub parent (IA3023), and generating 140 recombinant inbred 
lines (RILs), for a total of 5,600 RILs.  The forty parental founder lines include seventeen 
high-yielding lines from eight universities, fifteen lines with exotic ancestry, and eight 
plant introductions (PI) from four countries (Table. A-3).  Seed for 2013 was obtained 




 The experimental design was a modified augmented design with control lines 
replicated in sets, and no replication of RILs.  Each family of 140 RILs was equally 
divided into four sets comprised of 35 RILs and five controls randomized within the sets.  
A total of 160 sets were randomized throughout the field.  To assist with data collection 
the field was divided into quadrants consisting of forty sets. 
 2013 and 2014 field experiments were planted 20 May and 23 May, respectively. 
Fields were prepared in the spring with typical field cultivation. Fertility and pest-
management were performed according to Purdue University Cooperative Extension 
management recommendations. Plots were mechanically seeded in two rows, spaced 76 
cm apart, at a rate of 344,827 untreated seeds ha-1 (34.48 seeds m-1) and depth of 3.81 cm 
using an Almaco Seedpro 360 with Skytrip (Almaco Inc., Nevada, IA).  Planted plot 
dimensions were 1.52 m wide by 2.9 m long.  Fields were planted in an easterly direction 
with north-south row orientation.  Plots were maintained free of weeds to ensure that 
digital images captured only soybean vegetation.  Weather data, including hourly 
precipitation (mm), solar radiation (MJ m-2), and air temperature (°C) were collected at 
the ACRE weather station (Figures. A-1 and A-2).  Daily heat units were calculated using 
the modified growing degree day (GDD) formula (Gilmore & Rogers, 1958): GDD = 
((Tmax + Tmin)/2) – Tbase. Where Tmax is the maximum daily temperature with a 
maximum threshold value of 30 °C and Tmin is the minimum daily temperature with a 
minimum threshold value of 10 °C.  For example, if the maximum daily temperature was 
35 °C, Tmax is set equal to 30 °C.  Similarly, if the minimum daily temperature was 




occurs (10 C°; Major et al., 1975).  Cumulative GDD was determined by summing daily 
GDD from planting to the desired end point.  
 The following agronomic data were collected in both years of the study.  
Beginning bloom (R1) was recorded as the DAP when 50% of the plants in a plot 
displayed an open flower at any main stem node.  Full maturity (R8) was expressed as the 
days after August 31 when 95% of pods reached mature color.  The length of the 
reproductive period (RP) was calculated as the duration in days from R1 to R8.  Mean 
plant height was sampled at R8 by measuring the distance from the soil surface to the 
highest point on the main stem for three randomly-selected plants per plot. Lodging was 
scored on a scale of 1 (almost all plants erect) to 5 (almost all plants lodged flat) prior to 
harvest. Seed moisture and grain yield (g/plot) data were collected at harvest. Grain yield 
was converted to kg/ha adjusted to 13% moisture.  
 Measurements of CC were recorded weekly using ground-based digital imagery 
(Purcell, 2000).  Images were collected at the center of the plot using a Canon Powershot 
A4000 IS (Cannon U.S.A., Inc., Melville, NY) mounted to a monopod 1.5 m above the 
soil surface.  Cameras were inclined 30° from the horizon.  The fixed camera height and 
angle were used to maximize the acquired area for the plot of interest while minimizing 
canopy contamination from neighboring plots.  Images were acquired corresponding to 
the north-south plot orientation.  To maintain consistent picture order, sampling began at 
the first plot of each quadrant and followed a serpentine pattern through the field.  Stakes 
placed at regular intervals assisted with the localization of images with their 
corresponding plot.  To obtain a general assessment of the growth period, phenological 




measurements.  2013 images were collected at DAP 28, 35, 42, 50, 56, 65, and 
encompassed the developmental growth period from V3-R4. A total of 38,400 images 
were recorded during the 2013 season.  In 2014, images were collected at DAP 20, 27, 
34, 40, 48, 56 for a total of 38,400 images (Figure A-4).  These sampling dates span the 
developmental growth period from V1-R3.  
 Images were stored in JPEG (joint photographic experts group [.jpg]) file format.  
The original image size of 640 × 480 pixels included canopies from neighboring plots 
especially as CC increased during the season.  To reduce the influence of neighboring 
plots a freeware software with batch-processing capabilities (FastStone Photo Resizer v. 
3.3, www.faststone.org) was used to crop all images to 560 × 480 pixels, for a final 
image size of 268,800 pixels.  Total image area was 4.04 m2 with a foreground and 
background field of view measuring 0.99 m and 1.86 m, respectively.   
Automated batch analysis of digital images was conducted using the “Turf 
Analysis” macro for SigmaScan Pro (v. 5.0, SPSS, Inc., Chicago, IL) as described in 
Karcher and Richardson (2005).  The software has the ability to distinguish soybean 
canopy from the image background when the appropriate threshold ranges for hue (0-
255) and saturation (0-50) are selected.  Adjusting these values places an overlay on the 
image that represents the total canopy pixel area.  To calibrate hue and saturation values, 
images were randomly selected and threshold ranges were adjusted until only the desired 
green pixels were represented in the image overlay.  Calibration was performed per 
sampling date to account for variation of incident solar radiation (Karcher & Richardson, 
2005).  After calibration, the desired threshold ranges were entered into the software and 




total number of pixels per image.  The macro outputs results into a spreadsheet with 
designated columns for total pixel count, selected (green canopy) pixels based on the 
threshold settings, and the percent CC derived by dividing these two values. 
To best represent the phenotypic values in unreplicated experimental designs it 
was necessary to adjust the treatments observations for field variation by removing the 
spatial autocorrelation through kriging (Banerjee et al. 2010; Zas 2006).  Reproducing 
Kernel Hilbert Spaces (RKHS) were used to fit a linear kernel presenting the genetic 
relationships among the treatments (González-Camacho et al. 2012) and one Gaussian 
kernel expressing the Euclidean distance among treatments in the field.  Adjusted values 
were obtained by subtracting the spatial coefficients from the primary observations. The 
model was fitted in R using the package BGLR (Pérez and de los Campos, 2014). 
Bandwith parameters that adjust the degree to which neighboring plots are associated 
with the plot of interest were evaluated at several levels to identify the most 
representative spatial correction.  The phenotypic repeatability of AC and grain yield 
over two years of data were assessed as a means of cross-validation to select bandwidth 
parameters.   
 An asymptotic logistic growth curve was fitted to the repeated measurements of 
CC for each plot using the generalized least squares (gnls) function of the nlme package 
(Pinheiro et al., 2015) in the R statistical language and environment (R Development 
Core Team, 2015).  This function provided daily estimation of CC in intervals between 
the actual sampling dates (Figure A-5). Fitting a logistic curve allows for derivation and 
calculation of several canopy growth parameters.  The asymptote is the maximum 




relationship with daily LI, daily estimates of intercepted PAR (MJ m-2 d-1) for a given 
plot can be calculated as the product of daily CC and the total daily PAR (Purcell, 2000).  
Daily PAR was calculated as one-half of the total solar radiation for a given day 
(Monteith, 1972).  Total CIPAR (MJ m-2) was determined by summing daily PAR for the 
duration of the sampling period.  CIPAR for the vegetative phase (CIPARv) and the 
reproductive phase (CIPARr) were determined by summing the daily PAR from the 
initial sampling date to R1, and summing the daily PAR from R1 to the final sampling 
date, respectively.   ti values were estimated from the logistic model to determine the 
number of days required for canopy coverage to reach 30 (t30), 50 (t50) and 70 (t70) 
percent closure.  Average canopy coverage (AC) was computed by taking the mean value 
of daily CC from the initial to final sampling dates. 
Phenotypic data adjusted for autocorrelation were subjected to an analysis of 
variance (ANOVA) in PROC GLM of SAS. Statistical differences between SoyNAM 
families were compared using Fisher’s Protected Least Significant Difference at α = 0.05 
(FLSD0.05).  Due to different sampling dates and stages sampled for canopy data, as well 
as the heterogeneity of variance between years, years were not combined and will be 
discussed separately. 
A Bayesian Gibbs Sampler was used to calculate variance components through a 
multivariate mixed linear model (Sorensen & Gianola, 2002) using the software 
GIBBS3F90 (Misztal et al., 2002) where regression coefficients were sampled from a 
normal distribution and variance components from an inverse-Wishart distribution.  
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heritability (h2) was calculated as ℎ2 =  𝜎𝜎𝐴𝐴2/(𝜎𝜎𝐴𝐴𝐸𝐸2 + 𝜎𝜎𝐴𝐴2) and the genetic correlation 𝑟𝑟𝑔𝑔(𝐴𝐴𝐴𝐴) 
between parameters A and B was calculated as 𝑟𝑟𝑔𝑔(𝐴𝐴𝐴𝐴) = 𝜎𝜎𝐴𝐴𝐴𝐴/�𝜎𝜎𝐴𝐴2𝜎𝜎𝐴𝐴2.  Phenotypic 
correlations were calculated as Pairwise Pearson Correlations Coefficients (r) by 
implementing the cor function of the R statistical language and environment (R 
Development Core Team 2015).  To compare the statistical significance between two 
correlation coefficients, the 95% confidence interval for the difference between two 
overlapping correlation coefficients was constructed according to Zou et al (2007), where 
intervals not containing zero indicates correlation coefficients are significantly different.  
Unbiased estimation of variance components was done by fitting linear mixed-
effects models using restricted maximum likelihood (REML) through the Proc Mixed 
procedure in SAS version 9.4 (SAS Inst., Cary, NC).  Linear mixed-effects model 
estimates of parameter phenotypic repeatability (RM) were defined as the total variance 
accounted for by differences among groups (Sokal & Rohlf, 1995), and calculated as 
𝑅𝑅𝑀𝑀 = 𝜎𝜎𝛼𝛼2/(𝜎𝜎𝛼𝛼2 + 𝜎𝜎𝜀𝜀2), where 𝜎𝜎𝛼𝛼2 is the between-group variance and 𝜎𝜎𝜀𝜀2 is the within group 
variance as extracted from the linear mixed-effects model output in which an intercept 
was fitted together with the individual identities set as random (Nakagawa & Schielzeth, 
2010).   
The efficiency of indirect selection was calculated according to Falconer (1981): 
 𝑅𝑅𝑒𝑒 =  𝐶𝐶𝐶𝐶𝑥𝑥𝐶𝐶𝑥𝑥 =  𝑟𝑟𝑔𝑔 ℎ𝑦𝑦ℎ𝑥𝑥 .  Where CRx is the amount of improvement in the primary character 
obtained by indirect selection for a secondary character.  Rx is the amount of 
improvement obtained by direct selection for a primary character. rg is the genetic 




square roots of the narrow-sense heritability for the secondary and primary character, 
respectively. Re is the efficiency of indirect selection as determined by the ratio of CRx 
and Rx.  
 
3.4 Results  
3.4.1 Initial Sampling Dates 
Variation within individual sampling dates tended to be greater in 2013 compared 
to 2014 (Table 1).  In both years the greatest amount of variation occurred at the 
sampling date where the majority of plots were at or near the R1 growth stage (Table 1).  
This sampling date fell at 42 and 40 DAP for 2013 and 2014, respectively.  2013 and 
2014 ANOVA results showed that CC values for each sampling date were significantly 
(P < .0001) controlled by genetic differences between families (Table 1).  However, as 
suggested by the larger R2, the proportion of the phenotypic variance explained by the 
effect of family was greater in 2014 than 2013.  This is likely a result of the larger RMSE 
reported within families in 2013.  While still low, the correlation of grain yield to CC was 
consistently greater for the earlier season sampling dates in both years (Tables 2 and 3).  
The large R2 and low RMSE values suggest that the actual sampling date values of CC fit 
extremely well to the predicted values from the logistic fit model (Table 4). 
3.4.2 AC & CIPAR 
Due to the nearly one-to-one relationship between AC and CIPAR across all plots 
in both 2013 (R2 = 1) and 2014 (R2 = 1), these parameters will be discussed concurrently 




CIPAR across the entire SoyNAM population was greater for 2013 compared to the 2014 
growing season (Table 5; Figure 2).  Despite the inconsistency in values across years, the 
relative pattern and ranking of SoyNAM families was very similar for 2013 and 2014 AC 
and CIPAR (Tables 6 and 7; Figures 3 and 4).  For example, mean separation by 
FLSD0.05 revealed that seven of the top ten, and eight of the bottom ten families were 
consistent across years for both AC and CIPAR.  This consistency across years is further 
supported by the high phenotypic repeatability values determined for AC (RM = 0.92) and 
CIPAR (RM = 0.94) (Table 17).  As previously suggested by their one-to-one relationship, 
comparison of family rankings across AC and CIPAR showed nearly the same order 
within each year, with slight differences occurring in 2013. These differences in 2013 are 
likely a result of rounding error when calculating CIPAR as inconsistent rankings were 
typically a result of different mean family values at the tenth and hundredth decimal 
places.  ANOVA results revealed that AC and CIPAR are highly influence by genetic 
differences between families (P < .0001) (Table 5).  As expected due to the large between 
family variance, both AC (h2 = 0.85) and CIPAR (h2 =0.89) were highly heritable traits 
(Table 15), and thus selection for these traits is expected to be effective.  
The desire to select for these canopy traits is highly dependent on associations 
with grain yield.  AC and CIPAR were phenotypically correlated with grain yield (r = 
0.27) in both 2013 and 2014 (Tables 13 and 14), while genetic correlations to grain yield 
for AC (rg = 0.63) and CIPAR (rg = 0.64) were substantially greater (Table 15).  These 
results suggest that a large proportion of variance shared between these traits and grain 
yield is genetically controlled.  Comparison of correlation coefficients between AC and 




phenotypic correlations between these two parameters and grain yield were not 
statistically different (Table 16).  Due to the low heritability of grain yield (h2 = 0.55), the 
high heritability of AC and CIPAR, the strong genetic correlations between these 
parameters and grain yield, and the relative ease for which these canopy parameters can 
be measured, it is plausible that these traits can improve the efficiency of direct selection 
for grain yield per se through their use as criteria for indirect selection (Fehr, 1987).  
Compared to direct selection for grain yield, indirect selection based on AC and CIPAR 
had relative efficiencies of 0.78 and 0.81, respectively (Table 18).  Because these 
parameters have similar genetic correlations with grain yield, the improved efficiency of 
indirect selection for CIPAR can be attributed to a slightly higher heritability than that of 
AC. 
3.4.3 CIPARv & CIPARr 
Previous studies have suggested that soybean grain yield is controlled by the 
amount of LI during specific developmental growth periods (Board et al, 2011; Board & 
Kahlon, 2012).  Furthermore, research has shown that dissection of highly quantitative 
traits into more heritable components can assist in revealing genetic and physiological 
mechanisms that account for trait variability, as well as their influence on grain yield 
(Tardieu & Tuberosa, 2010).  To evaluate these concepts as they pertain to LI, total 
CIPAR was dissected into two periods encompassing the vegetative (CIPARv) and 
reproductive (CIPARr) periods of soybean growth.  As expected, mean CIPARr across all 
SoyNAM genotypes was greater than CIPARv in both years as a result of increased CC 




larger proportion of total CIPAR due to an earlier initial sampling date (Table 5).  
Relative to CIPAR, phenotypic repeatability was greater for both CIPARv (RM = 0.99) 
and CIPARr (RM = 0.99), however contrary to what was expected, heritability decreased 
slightly for CIPARv (h2 = 0.87) and CIPARr (h2 = 0.86) (Table 15).  Family rankings 
followed similar patterns for both years with seven and eight of the top ten performing 
families repeated across years for CIPARv and CIPARr, respectively (Tables 8 and 9; 
Figures 5 and 6).  Relative to CIPAR, 2013 phenotypic correlations with grain yield were 
greater for CIPARv (r = 0.35) and lesser for CIPARr (r = 0.19) (Table 13).  A similar 
trend was seen in 2014 as phenotypic correlations with grain yield were found to be 0.30 
for CIPARv and 0.23 for CIPARr (Table 14).  Genetic correlations with grain yield 
followed the same tendencies as phenotypic correlations relative to CIPAR as a stronger 
genetic correlation was found with CIPARv (rg = 0.67), and weaker with CIPARr (rg = 
0.61) (Table 15). Comparison of correlation coefficients between CIPARv and CIPARr 
with grain yield show that both genetic and phenotypic correlations were statistically 
different (Table 16).  Evaluating the relative efficiency of these parameters for indirect 
selection of grain yield suggests that CIPARv (Re = 0.84) had an improved efficiency of 
indirect selection compared to CIPARr (Re = 0.76) (Table 18).  Due to similar estimates 
of heritability for these two parameters, the increased efficiency of indirect selection for 
CIPARv can be attributed to the stronger genetic correlation with grain yield than that of 




3.4.4 Rate of Canopy Coverage 
 To further evaluate the influence of CC rate on grain yield, the number of days 
required for each genotype to reach 30, 50, and 70 percent coverage were determined for 
both years of the study.  Mean values of t30, t50, and t70 were all higher in 2013 compared 
to 2014, suggesting that canopies closed at a more rapid rate in 2014 (Table 5).  Despite 
the different rates of closure between years, plotting the values for each family suggests a 
similar pattern and ranking of SoyNAM families for each of these parameters across 
years (Figures 7, 8, and 9 ).  Furthermore, mean separation of families by FLSD0.05 
revealed that five, seven, and nine of the top ten fastest closing families were consistent 
across years for t30, t50, and t70, respectively (Tables 10, 11, and 12).  The phenotypic 
consistency across years was further supported by the high repeatability values (RM ≥ 
0.97) reported for all three of these parameters (Table 17).  As suggested by the large 
amount of between family variance in relation to within family variance, heritabilities 
were high for t30 (h2 = 0.81), t50 (h2 = 0.89), and t70 (h2 = 0.90) (Table 15).  2013 
phenotypic correlations to grain yield were found to be greatest for t30 (r = -0.36) and 
decreased thereafter for t50 (r = -0.32) and t70 (r = -0.25) (Table 13).  A similar pattern 
was seen in 2014 as phenotypic correlations to grain yield were -0.32, -0.29, and -0.25 for 
t30, t50, and t70, respectively (Table 14).  The observed negative relationships suggest that 
greater grain yield was associated with a fewer number of days required to reach the 
designated CC value, or a faster rate of closure.  Genetic correlations with grain yield 
followed the same general trend as the phenotypic correlations with t30 (rg = -0.68) 
having the strongest genetic association, t70 (rg = -0.63) the weakest association, and t50 




between t30, t50, and t70 with grain yield show that both genetic and phenotypic correlations 
were statistically different (Table 16).The relative efficiencies of indirect selection for t30 
(Re = 0.83), t50 (Re = 0.84), and t70 (Re =0.80) suggest that higher efficiencies during 
periods of early canopy development (t30 and t50) are a result of increased genetic 
correlations to grain yield (Table 18).  Similar to the results shown when comparing 
CIPARv and CIPARr, the higher phenotypic and genetic correlations of parameters t30 
and t50 with grain yield, as well as the higher relative efficiencies of indirect selection for 
these parameters, suggests that rapid development of CC early in the season has a greater 
association with grain yield than later periods of canopy development.  
3.5 Discussion 
 All of the calculated canopy parameters in this study were highly heritable (h2 = 
0.81-0.90) in addition to being associated with grain yield both phenotypically (r = 0.19-
0.36) and genetically (rg = 0.61-0.68).  The agreeing phenotypic and genetic correlations 
with grain yield for each parameter ensure a correlated response to selection.  
Comparison of correlation coefficients showed that parameter associations with grain 
yield were statistically different, except for the phenotypic correlations of AC and CIPAR 
(Table 16). An important result from this study is that parameters encompassing the 
vegetative growth period (CIPARv, t30, and t50) were found to have the highest 
phenotypic (r = 0.29-0.36) and genetic (rg = 0.66-0.68) correlations with grain yield 
while maintaining high heritabilities (h2 ≥ 0.81), and thus are the parameters with the 
highest efficiency of indirect selection for grain yield improvement.  These results 




genotypes, and has a greater influence on grain yield compared to CC during the early 
reproductive periods.  However, the greater association of early CC with grain yield in 
the current study may be the result of a later than optimum planting date.  In this 
situation, achieving maximum grain yield is constrained by insufficient LI, and thus CC 
becomes a more influential factor in grain yield determination.  Similarly, the row 
spacing used in the current study is wider than typically used in soybean production 
systems.  This also places a greater importance on rapid CC to achieve greater LI and 
offers a growing situation that favors genotypes with fast CC.  Although these results 
cannot be directly compared to Koester et al. (2014) due to a lack of CC measurements 
beyond the mid-reproductive period, it is interesting that they found no difference in the 
speed of closure among cultivars divergent in Yp (new and old cultivars), while our 
results show a large amount of variation in early season canopy development within the 
adapted SoyNAM population. 
 While dissection of CIPAR to the vegetative period showed a stronger genetic 
correlation with grain yield, the heritability of CIPARv was slightly less. CIPARr showed 
both a smaller heritability and genetic correlation to grain yield compared to CIPAR.  
While the difference in genetic correlations can be attributed to more important periods 
of LI for grain yield determination as previously mentioned, it was expected that the 
heritabilities of these divided periods would increase.  These results may be attributed to 
insufficient phenological staging used to divide the periods.  Furthermore, the divided 
periods do not encompass the entire vegetative and reproductive periods, and thus the 




Therefore, in this study CIPAR may be a better indicator of a genotypes performance 
than CIPARv and CIPARr.  
Assessing the phenotypic correlations of CC from individual sampling dates, 
Hoyos-Villegas (2014) showed that correlations with grain yield had a negative 
relationship during vegetative growth (33, 37 and 47 DAP) and then generally increased 
with later sampling dates.  However, our results showed the opposite trend, as the highest 
correlations with grain yield occurred during early vegetative periods and decreased 
thereafter with increasing DAP.  These contrasting findings may be attributed to the yield 
limiting treatments imposed throughout the Hoyos-Villegas (2014) study.  As previously 
mentioned, the greater associations between grain yield and early CC in the current study 
can also be the result of a later than optimum planting date.  In this situation, achieving 
maximum grain yield is limited by insufficient LI.  Therefore, canopy development 
during vegetative growth will show a greater influence on grain yield, and thus explains 
the greater associations during this period.  Our results may be an indicator of a faster 
rate of emergence or improved seedling vigor during these early vegetative periods, 
however this cannot be confirmed as this data was not collected.  
The heritabilities reported by Jannink et al. (2014) for early (h2 = 0.19) and mid 
(h2 = 0.27) LI were much lower than any of the heritabilities reported in our study.  
However, their results were based on single measurements of LI and therefore do not 
fully characterize the genotypes performance throughout the growing season.  
Furthermore, their study was designed to evaluate the weed suppressive ability of 
soybean genotypes so it is possible that the influence of weed pressure on canopy 




reducing the heritability.  It is important to note that the improved genetic correlation to 
weed suppressive ability for early LI (rg = -0.55) vs mid LI (rg = -0.34) provides further 
support for the importance of rapid CC during early vegetative growth.  
While plant height and harvest maturity were not the primary focus of this research, 
it is interesting to compare results as these parameters have been extensively 
characterized in soybean both genetically and phenotypically.  Numerous studies have 
reported plant height and maturity as two of the most heritable agronomic traits (Kwon & 
Torrie, 1964; Johnson et al., 1955; Lee et al., 1996; Anand & Torrie, 1963).  However, 
our results show that all of the derived canopy parameters (except for t30) had 
heritabilities greater than or equal to maturity and plant height (Table. 15) , and thus 
further confirms the efficacy of selecting for these parameters.  Additionally, later 
maturity in newer cultivars has been shown to be a substantial driver of improved 
soybean Yp (Rincker et al., 2014; Koester et al., 2014).  Due to the historic selection of 
grain yield per se it is probable that maturity and grain yield share a correlated response 
to selection, and thus are genetically associated.  Our results show that all canopy 
parameters had stronger genetic correlations with grain yield (Table. 15), and 
subsequently showed a greater correlated response and efficiency of indirect selection 
compared to maturity (Table. 18).  However, the development of the SoyNAM RIL 
population must be considered as they were selected to be of relative maturity group III, 
and therefore a lack of genetic diversity for this trait is a likely contributor to the lower 





Ground-based digital imagery offers an efficient and precise method for 
evaluating differences in CC dynamics in genetically diverse populations.  Furthermore, 
the observed differences provide insight into physiological parameters responsible for 
grain yield variation among genetically distinct lines.  While all of the canopy parameters 
in this study have the potential for use as indirect selection criteria, none managed to 
reached the critical point (>1) which suggests they are equivalent or more efficient than 
selecting directly for grain yield.  This is expected as there are very few instances in 
which indirect selection for one secondary trait is superior to direct selection for grain 
yield (Gallais, 1984).  However, selection approaches exist that breeders can implement 
to improve a population or select superior cultivars using the canopy parameters 
discussed in this study.  For example, tandem selection involves the repeated selection for 
one trait at a time until each reach the desired level of expression (Bernardo, 2010).  If 
these two traits are sufficiently correlated with one another, as with canopy cover and 
grain yield, then selection for one will lead to improvement of the other.  Opportunities 
exist to implement this strategy in breeding programs which aim to incorporate diverse, 
exotic material into their soybean germplasm pool.  Typically these non-domesticated 
lines are both low yielding and lack optimum canopy structure.  By applying tandem 
selection of grain yield and canopy cover traits in successive generations, breeders have 
the advantage of simultaneously improving both traits at a rapid pace while retaining 
genetic diversity that would be lost through repeated selection for grain yield.  
Incorporating the described canopy traits into an index selection program may 




selecting for grain yield directly.  For example, by incorporating several traits known to 
influence grain yield (canopy cover, maturity, seed size and seed number), index 
selection offers the advantage of selecting for several traits simultaneously on the basis of 
a single index value (Bernardo, 2010).  Results from this study suggest that canopy traits 
and harvest maturity are both highly heritable and have significant genetic correlations 
with grain yield (Table 15).  Therefore, incorporating these traits into a single index value 
may improve the indirect selection efficiency beyond that of selecting for grain yield 
directly.  Index selection is expected to be more efficient than tandem selection (Hazel 
and Lush, 1942), and thus may offer the best opportunity for incorporating these canopy 
traits into an efficient selection program for improving soybean grain yield.   
The value in creating sufficient selection criteria indices is especially important 
during the early phases of the breeding pipeline such as progeny row testing.  This stage 
has limited seed availability so selections are typically made on a single, unreplicated row 
in one environment.  Grain yield harvested from these small plots is an unreliable 
assessment of the genotypes performance.  In addition, the low heritability of grain yield 
is further exacerbated by the unreplicated, single environment assessment.  Therefore, 
creating an index of highly heritable traits know to have strong phenotypic and genetic 
correlations to grain yield will provide breeders with a better method to assess progeny 
performance and allow for more informed selection of superior progeny.  
3.7 Future Work 
The high heritabilities and genetic correlations found in our study provide a strong 




the underlying genetic control influencing expression of these physiological traits.  Doing 
so may reveal novel and influential QTL that are critical for improving genetic gain and 
Yp in soybean.  
Future studies of CC should expand the sampling period to encompass the entire 
growing season from emergence to complete senescence.  Much of the previous work on 
soybean CC suggest that improved LI resulting from longer leaf duration is a primary 
contributor to greater grain yield in newer elite cultivars.  However, our results show a 
significant amount of genetic variance exists among soybean germplasm for early canopy 
development that can be attributed to greater grain yield.  Further research that evaluates 
canopy development from emergence to harvest maturity will enable researchers to parse 
out the influence of both early and late developmental periods on soybean grain yield.  
Identifying genotypes with superior canopy closure and canopy duration may enable the 
genetic characterization necessary for optimizing canopy development, LI, and grain 
yield.   
Selection experiments using the parameters described in this study as criteria are 
necessary for validation of their efficacy in improving the genetic gain of soybean.  The 
heritabilities reported in this study suggest that selection of canopy parameters will be 
highly effective, however further assessment over several years and environments is 
necessary to confirm the applicability of these results.  Should these parameters remain 
effective across selection trials, the next step is to further evaluate the physiological traits 
responsible for rapid canopy development.  Seedling and pre-emergence traits such as 
long coleoptiles, broad seedling leaves, fast leaf expansion rate, and large seeds are likely 




1999).  Evaluating these traits in genotypes with consistently superior canopy 
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Table 1. Timing and analysis of variance for six sequential canopy coverage (CC) measurements in 2013 and 








* represents significance at P < 0.0001 
Growth stage (GS), days after planting (DAP), growing degree days (GDD, °C) 
† MSB is the mean square between-families: represents the variance attributed to genetic differences among families 







 -----Sample Timing----- -------------------------------ANOVA--------------------------- 
GS Date GDD (°C) DAP Mean CC (%) MSB† MSW‡ F R2 CV RMSE 
V3 17-Jun 283 28 22.6 48.5 1.4 33.8* 0.19 5.3 1.2 
V5 24-Jun 375 35 38.8 154.0 2.9 52.1* 0.27 4.4 1.7 
R1 1-Jul 461 42 57.6 280.1 4.9 56.9* 0.29 3.9 2.2 
R2 9-Jul 556 50 75.7 241.4 4.4 54.3* 0.28 2.8 2.1 
R3 15-Jul 627 56 84.7 148.5 4.2 35.4* 0.20 2.4 2.1 
R4 24-Jul 751 65 92.1 74.1 6.1 12.2* 0.08 2.7 2.5 
 2014 
 -----Sample Timing----- ----------------------------ANOVA------------------------------ 
GS Date GDD (°C) DAP Mean CC (%) MSB† MSW‡ F R2 CV RMSE 
V1 12-Jun 236 20 16.0 24.4 0.3 95.8* 0.40 3.2 0.5 
V3 19-Jun 324 27 31.3 70.7 0.8 91.7* 0.39 2.8 0.9 
V5 26-Jun 422 34 51.6 150.2 1.6 92.8* 0.40 2.5 1.3 
R1 2-Jul 505 40 68.1 190.3 1.9 95.5* 0.40 2.1 1.4 
R2 10-Jul 591 48 82.9 185.6 1.8 101.8* 0.42 1.6 1.4 






Table 2. 2013 phenotypic correlations between canopy coverage at days after planting (DAP), grain yield 















ns = not significant at P < 0.0001 
 
 Yld DAP28 DAP35 DAP42 DAP50 DAP56 DAP65 R1 R8 RP Ht 
Yld - 0.33 0.35 0.31 0.25 0.16 0.04ns 0.05ns 0.35 0.36 0.25 
DAP28 0.33 - 0.83 0.65 0.59 0.57 0.45 0.07 0.21 0.20 0.36 
DAP35 0.35 0.83 - 0.95 0.86 0.66 0.27 0.12 0.21 0.18 0.42 
DAP42 0.31 0.65 0.95 - 0.94 0.72 0.27 0.14 0.18 0.14 0.40 
DAP50 0.25 0.59 0.86 0.94 - 0.91 0.55 0.16 0.16 0.12 0.39 
DAP56 0.16 0.57 0.66 0.72 0.91 - 0.85 0.14 0.13 0.09 0.34 
DAP65 0.04ns 0.45 0.27 0.27 0.55 0.85 - 0.08 0.08 0.05 0.20 
R1 0.05ns 0.07 0.12 0.14 0.16 0.14 0.08 - 0.35 0.04ns 0.30 
R8 0.35 0.21 0.21 0.18 0.16 0.13 0.08 0.35 - 0.95 0.51 
RP 0.36 0.20 0.18 0.14 0.12 0.09 0.05 0.04ns 0.95 - 0.44 





Table 3. 2014 phenotypic correlations between canopy coverage at days after planting (DAP), grain yield 
(Yld), beginning flower (R1), harvest maturity (R8), reproductive period (RP), and plant height (Ht). 
 Yld DAP20 DAP27 DAP34 DAP40 DAP48 DAP56 R1 R8 RP Ht 
Yld - 0.36 0.32 0.26 0.24 0.23 0.23 -0.08 0.47 0.38 0.11 
DAP20 0.36 - 0.92 0.78 0.71 0.67 0.66 0.03ns 0.19 0.09 0.29 
DAP27 0.32 0.92 - 0.96 0.91 0.85 0.76 0.05 0.13 0.03ns 0.35 
DAP34 0.26 0.78 0.96 - 0.99 0.92 0.82 0.07 0.08 -0.02ns 0.38 
DAP40 0.24 0.71 0.91 0.99 - 0.97 0.88 0.08 0.05ns -0.04ns 0.40 
DAP48 0.23 0.67 0.85 0.92 0.97 - 0.97 0.09 0.05ns -0.06 0.42 
DAP56 0.23 0.66 0.76 0.82 0.88 0.97 - 0.09 0.06 -0.05 0.41 
R1 -0.08 0.03ns 0.05 0.07 0.08 0.09 0.09 - 0.29 -0.79 0.24 
R8 0.47 0.19 0.13 0.08 0.05ns 0.05ns 0.06 0.29 - 0.36 0.50 
RP 0.38 0.09 0.03ns -0.02ns -0.04ns -0.06 -0.05 -0.79 0.36 - 0.09 
Ht 0.11 0.29 0.35 0.38 0.40 0.42 0.41 0.24 0.50 0.09 - 







Table 4. The goodness of fit (R2) and absolute fit 
(RMSE) between the observed and predicted data 
points acquired from the logistic fit model 
represented by the mean, minimum (min) and 
maximum (max) values from genotypes in each 

































2 1.00 1.00 1.00 1.13 0.44 1.72 
3 1.00 1.00 1.00 0.81 0.23 1.61 
4 1.00 1.00 1.00 0.86 0.14 1.67 
5 1.00 1.00 1.00 0.92 0.33 1.67 
6 1.00 1.00 1.00 0.85 0.21 1.88 
8 1.00 1.00 1.00 1.01 0.32 1.74 
9 1.00 1.00 1.00 0.98 0.46 1.64 
10 1.00 1.00 1.00 1.18 0.55 2.32 
11 1.00 1.00 1.00 0.95 0.35 1.73 
12 1.00 1.00 1.00 1.23 0.47 2.24 
13 1.00 1.00 1.00 0.81 0.13 1.63 
14 1.00 1.00 1.00 0.92 0.36 1.68 
15 1.00 1.00 1.00 0.86 0.23 1.47 
17 1.00 1.00 1.00 1.00 0.34 2.08 
18 1.00 1.00 1.00 1.22 0.40 2.17 
22 1.00 1.00 1.00 0.84 0.21 1.68 
23 1.00 1.00 1.00 1.16 0.38 1.97 
24 1.00 1.00 1.00 1.15 0.36 2.07 
25 1.00 1.00 1.00 1.08 0.26 1.89 
26 1.00 1.00 1.00 0.80 0.17 1.70 
27 1.00 1.00 1.00 0.70 0.13 1.78 
28 1.00 1.00 1.00 0.98 0.18 1.73 
29 1.00 1.00 1.00 0.78 0.10 1.60 
30 1.00 1.00 1.00 0.89 0.33 1.52 
31 1.00 1.00 1.00 0.79 0.13 1.89 
32 1.00 1.00 1.00 0.94 0.38 1.72 
33 1.00 1.00 1.00 1.39 0.37 2.69 
34 1.00 1.00 1.00 0.85 0.10 1.98 
36 1.00 1.00 1.00 0.93 0.14 2.19 
37 1.00 1.00 1.00 1.39 0.42 2.86 
38 1.00 1.00 1.00 0.83 0.16 1.64 
39 1.00 1.00 1.00 0.72 0.22 1.37 
40 1.00 1.00 1.00 0.86 0.20 1.75 
41 1.00 1.00 1.00 0.96 0.24 2.42 
42 1.00 1.00 1.00 0.73 0.16 1.64 
46 1.00 1.00 1.00 1.34 0.54 3.33 
48 1.00 1.00 1.00 1.17 0.53 1.76 
50 1.00 1.00 1.00 1.20 0.32 2.05 
54 1.00 1.00 1.00 0.84 0.23 1.52 






Table 5. Analysis of variance for 2013 and 2014 canopy parameters. SoyNAM family effect on average canopy 
coverage (AC), cumulative intercepted photosynthetically radiation for the total sampling period (CIPAR), 
CIPAR reproductive (CIPARr), CIPAR vegetative (CIPARv), and number of days to reach 30 (t30), 50 (t50), and 












* represents significance at P < 0.0001 
† MSB is the mean square between-families: represents the variance attributed to genetic differences among families 




Trait Mean MSB† MSW‡ F R2 CV RMSE 
AC 63.9 145.2 2.9 48.5* 0.25 2.7 1.7 
CIPAR 240.9 1861.8 40.6 45.8* 0.25 2.6 6.4 
CIPARv 50.8 242.7 4.8 50.8* 0.26 4.3 2.2 
CIPARr 190.2 851.2 21.5 39.7* 0.22 2.4 4.6 
t30 30.7 26.3 0.5 49.4* 0.26 2.4 0.7 
t50 39.9 28.3 0.6 50.6* 0.26 1.9 0.8 
t70 49.2 34.4 0.7 46.9* 0.25 1.7 0.9 
2014 
---------------------ANOVA--------------------- 
Trait Mean MSB† MSW‡ F R2 CV RMSE 
AC 58.7 119.7 1.3 94.8* 0.40 1.9 1.1 
CIPAR 218.4 1664.3 17.6 94.7* 0.40 1.9 4.2 
CIPARv 78.6 356.7 3.9 91.6* 0.39 2.5 1.9 
CIPARr 139.6 534.7 5.3 101.1* 0.42 1.6 2.3 
t30 25.9 10.5 0.1 90.7* 0.39 1.3 0.3 
t50 34.3 16.8 0.2 92.2* 0.39 1.3 0.4 





Table 6. Mean separation of average percentage canopy coverage (AC) 





































Groups not sharing the same letter represent significance at α = 0.05 
 
AC 
-------2013-------  -------2014------- 
t Grouping Fam Mean   t Grouping Fam Mean 
   A  29 65.91    A  42 60.80 
   A  40 65.83    B  18 60.44 
   B  18 65.34  C  B  29 60.19 
 C  B  41 65.24  C  D  17 60.07 
 C  B  13 65.22  E  D  38 59.85 
 C  B  54 65.20  E  D  40 59.84 
 C  B  26 65.07  E  F  3 59.69 
 C  D  38 64.85  G  F  41 59.56 
 E  D  17 64.63  G  H  54 59.35 
 E  D  15 64.59  I  H  8 59.21 
 E  D F 42 64.52  I  H  9 59.20 
 E  G F 9 64.43  I  H J 13 59.16 
 E H G F 23 64.28  I  K J 2 59.09 
I E H G F 8 64.24  I L K J 26 59.01 
I J H G F 3 64.15  I L K J 30 58.99 
I J H G F 2 64.12  I L K J 4 58.97 
I J H G K 14 64.09  M L K J 6 58.93 
I J H L K 36 63.91  M L K  15 58.87 
I J  L K 28 63.86  M L   23 58.80 
I J  L K 30 63.86  M L   34 58.80 
 J  L K 25 63.82  M  N  14 58.67 
 J  L K 37 63.80  O  N  25 58.51 
 J M L K 27 63.77  O  N P 37 58.50 
 N M L K 34 63.71  O  N P 32 58.48 
 N M L  12 63.67  O  Q P 28 58.26 
 N M L  4 63.52    Q P 24 58.24 
 N M O  10 63.37  R  Q  36 58.04 
 N M O  11 63.36  R  S  39 57.96 
 N  O  6 63.36  R  S  12 57.88 
 N  O  39 63.31  R  S T 10 57.87 
   O  32 63.06  R  S T 31 57.84 
 P  O  5 63.02  R  S T 5 57.81 
 P  Q  31 62.65  R  S T 48 57.80 
 P  Q  33 62.63    S T 33 57.77 
 P  Q  48 62.62    U T 46 57.61 
   Q  24 62.57    U  64 57.50 
   Q  46 62.57    U  27 57.46 
   Q  22 62.48  V  U  11 57.39 
   Q  64 62.26  V  U  50 57.37 




Table 7. Mean separation of cumulative intercepted photosynthetically active 























Groups not sharing the same letter represent significance at α = 0.05
CIPAR 
-------2013-------  -------2014------- 
t Grouping Fam Mean   t Grouping Fam Mean  
   A    29 248.23     A  42 226.33  
   A    40 248.12     B  18 225.04  
   B    18 246.12   C  B  29 224.06  
 C  B    41 245.98   C  D  17 223.64  
 C  B    54 245.92   E  D  38 222.83  
 C  B    13 245.81   E  D  40 222.75  
 C  B    26 245.18   E  F  3 222.21  
 C  D    38 244.50   G  F  41 221.73  
 E  D    17 243.67   G  H  54 220.94  
 E  D    15 243.58   I  H  8 220.45  
 E  D  F  42 243.42   I  H J 9 220.40  
 E  G  F  9 242.89   I  H J 13 220.24  
 E H G  F  23 242.54   I K H J 2 219.97  
I E H G  F  8 242.19   I K L J 26 219.67  
I J H G  F  3 242.02   I K L J 30 219.59  
I J H G  F K 2 241.96   I K L J 4 219.55  
I J H G   K 14 241.85   M K L J 6 219.42  
I J H L   K 36 241.14   M K L  15 219.17  
I J H L  M K 28 241.09   M  L  23 218.88  
I J  L  M K 37 240.96   M  L  34 218.87  
I J N L  M K 30 240.90   M  N  14 218.44  
I J N L O M K 25 240.81   O  N  25 217.80  
P J N L O M K 27 240.63   O  N P 37 217.74  
P  N L O M K 34 240.47   O  N P 32 217.70  
P Q N L O M  12 240.30   O  Q P 28 216.87  
P Q N  O M  4 239.60     Q P 24 216.80  
P Q N R O   10 239.43   R  Q  36 216.05  
P Q  R O S  11 239.32   R    39 215.76  
P Q  R  S  6 239.19   R    12 215.48  
 Q  R  S  39 238.89   R    10 215.43  
 T  R  S  32 238.07   R  S  31 215.32  
 T  U  S  5 237.86   R  S  5 215.21  
 T  U  V  33 236.69   R  S  48 215.15  
   U  V  48 236.53   R  S  33 215.07  
   U  V  31 236.45   T  S  46 214.42  
   U  V  46 236.42   T    64 214.06  
     V  24 236.20   T    27 213.92  
     V  22 235.92   T  U  11 213.66  
     V  64 235.31   T  U  50 213.60  




Table 8. Mean separation of cumulative intercepted 
photosynthetically active radiation (MJ m-2) during vegetative 




















Groups not sharing the same letter represent significance at α = 0.05 
 
CIPARv 
-------2013-------  -------2014------- 
t Grouping Fam Mean  t Grouping Fam Mean 
  A  29 52.84     A  18 81.92 
B  A  8 52.67     A  42 81.92 
B  A  40 52.67     B  17 81.45 
B  A  13 52.66     C  38 80.79 
B  A C 26 52.57     C  29 80.78 
B  A C 18 52.49     D  3 80.18 
B  D C 41 52.31     D  8 80.14 
E  D C 17 52.12     D  41 80.06 
E  D F 38 51.97     D  9 80.05 
E   F 54 51.79     D  40 80.04 
E   F 15 51.78   E  D  4 79.94 
E  G F 3 51.67   E  F  6 79.56 
H  G F 14 51.58   E  F G 2 79.50 
H I G F 9 51.47   H  F G 13 79.22 
H I G J 28 51.22   H  F G 30 79.14 
H I G J 2 51.18   H  I G 54 79.06 
H I K J 25 51.11   H  I J 15 78.90 
 I K J 23 51.07   H K I J 14 78.88 
 I K J 42 51.02    K I J 26 78.67 
  K J 34 50.91    K L J 23 78.58 
L  K J 4 50.81   M K L  32 78.42 
L  K J 30 50.75   M  L N 34 78.12 
L  K J 27 50.72   M  O N 25 78.03 
L  K M 12 50.63   P  O N 24 77.80 
L  N M 32 50.35   P Q O N 37 77.75 
L  N M 6 50.32   P Q O R 28 77.62 
O  N M 36 50.11   P Q S R 33 77.53 
O  N  37 50.10  T P Q S R 31 77.35 
O  N P 31 49.92  T  Q S R 27 77.31 
O  N P 39 49.90  T   S R 10 77.24 
O  N P 11 49.84  T   S R 50 77.21 
O  Q P 5 49.80  T U  S  12 77.06 
R  Q P 10 49.49  T U    5 77.00 
R  Q S 24 49.29  T U    48 76.96 
R  T S 48 49.01  T U    36 76.96 
  T S 22 48.90  T U    39 76.95 
U  T  46 48.70   U    64 76.71 
U  T  33 48.69   U    11 76.63 
U  V  50 48.21     V  46 76.02 




Table 9. Mean separation of cumulative intercepted 
photosynthetically active radiation (MJ m-2) during reproductive 





















Groups not sharing the same letter represent significance at α = 0.05 
 
CIPARr  
-------2013-------  -------2014------- 
t Grouping Fam Mean  t Grouping Fam Mean 
   A  40 195.44    A  42 144.41 
   A  29 195.39    B  29 143.27 
   B  54 194.13  C  B  18 143.11 
 C  B  41 193.67  C  D  40 142.71 
 C  B  18 193.63  E  D  17 142.19 
 C  B D 13 193.15  E    38 142.04 
 C  E D 26 192.61  E    3 142.03 
 F  E D 38 192.53  E    54 141.89 
 F G E D 42 192.40  E    41 141.66 
 F G E H 15 191.80    F  13 141.02 
 F G E H 17 191.55  G  F  26 141.00 
 F G  H 23 191.47  G  F H 34 140.74 
  G I H 9 191.42  G  I H 2 140.48 
 J  I H 36 191.03    I H 30 140.45 
 J K I H 37 190.85  J  I H 9 140.36 
L J K I H 2 190.78  J  I H 8 140.31 
L J K I M 3 190.36  J K I H 23 140.30 
L J K  M 14 190.27  J K I H 15 140.28 
L J K  M 30 190.15  J K I L 37 140.00 
L  K N M 10 189.94  J K  L 6 139.87 
L  K N M 27 189.91   K M L 25 139.77 
L O K N M 28 189.87  N  M L 4 139.61 
L O  N M 25 189.70  N  M L 14 139.56 
 O  N M 12 189.68  N  M O 32 139.28 
 O  N M 34 189.56  N  M O 28 139.24 
 O  N M 8 189.51  N   O 36 139.10 
 O  N M 11 189.48     O 24 139.00 
 O  N P 39 188.99    P O 39 138.81 
 O  N P 6 188.86  Q  P  12 138.41 
 O  Q P 4 188.79  Q  P  46 138.39 
 R  Q P 5 188.06  Q    5 138.20 
 R S Q P 33 188.00  Q    48 138.19 
 R S Q  32 187.72  Q    10 138.19 
 R S Q  46 187.72  Q  R  31 137.96 
 R S T  48 187.52  S  R  33 137.54 
 R S T  64 187.14  S    64 137.35 
 R S T  22 187.02  S  T  11 137.03 
  S T  24 186.91  U  T  22 136.72 
   T  31 186.52  U  T  27 136.61 




Table 10. Mean separation of the number of days (d) required to 






















Groups not sharing the same letter represent significance at α = 0.05 
t30 (days) 
    -------2013-------         -------2014------- 
t Grouping Fam Mean  t Grouping Fam Mean  
   A  64 31.57     A  46 26.45 
 B  A  50 31.52     A  22 26.43 
 B  C  33 31.40     B  64 26.28 
 B  C  46 31.39   C  B  11 26.25 
 D  C  22 31.31   C  B D 48 26.24 
 D  C  48 31.27   C E B D 36 26.22 
 D  E  24 31.18  F C E B D 39 26.22 
 D  E F 10 31.15  F C E B D 12 26.20 
 G  E F 11 31.01  F C E G D 5 26.19 
 G   F 5 31.00  F H E G D 37 26.16 
 G   F 39 30.99  F H E G D 31 26.16 
 G  H  36 30.95  F H E G  27 26.16 
 G  H  37 30.94  F H E G I 10 26.15 
 G  H  31 30.92  F H  G I 24 26.14 
 I  H  6 30.82   H  G I 28 26.11 
 I  H J 32 30.79   H  J I 50 26.10 
 I  K J 12 30.73   H  J I 33 26.09 
 I L K J 27 30.70     J I 25 26.07 
 I L K J 30 30.70   K  J  34 26.03 
M I L K J 42 30.66   K  L  26 25.99 
M N L K J 4 30.64   K  L M 23 25.97 
M N L K J 34 30.62   N  L M 32 25.94 
M N L K  23 30.61   N  O M 15 25.89 
M N L O  2 30.55   N  O M 54 25.89 
M N L O P 25 30.55   N  O  30 25.86 
M N Q O P 28 30.51     O  14 25.86 
R N Q O P 9 30.47   P  O  13 25.83 
R  Q O P 54 30.42   P  Q  2 25.78 
R  Q S P 14 30.38   R  Q  41 25.72 
R  Q S  3 30.35   R  Q  40 25.72 
R  Q S  15 30.35   R  Q S 6 25.71 
R T  S  38 30.31   R  T S 3 25.68 
 T  S U 17 30.24   R  T S 9 25.66 
 T V S U 41 30.21   R  T S 4 25.65 
 T V  U 18 30.17   U  T S 29 25.63 
 T V  U 40 30.14   U  T  8 25.60 
  V W U 26 30.10   U    38 25.56 
  V W U 29 30.09     V  42 25.47 
  V W  13 30.07     V  17 25.47 




Table 11. Mean separation of the number of days required to reach 





















Groups not sharing the same letter represent significance at α = 0.05 
 
t50  
-------2013-------  -------2014------- 
t Grouping Fam Mean   t Grouping Fam Mean  
   A  50 40.93     A  22 34.85 
   B  64 40.75     B  11 34.74 
 C  B  46 40.59     B  46 34.72 
 C  B  22 40.58   C  B  64 34.71 
 C  B  33 40.58   C  B  50 34.70 
 C  D  48 40.53   C  B D 27 34.68 
 C  D  24 40.51   C  E D 48 34.61 
 E  D  31 40.40     E D 5 34.59 
 E  F  5 40.30     E  12 34.58 
 E  F  10 40.27     E  33 34.57 
 G  F  11 40.22     E  31 34.57 
 G  F  39 40.22     E  10 34.56 
 G  F  32 40.21     E  39 34.56 
 G  F H 6 40.14   F  E  36 34.53 
 G  I H 37 40.07   F  G  24 34.44 
 J  I H 36 40.04   F  G  28 34.44 
 J  I H 12 40.02   H  G  37 34.37 
 J  I H 4 40.02   H  G I 25 34.35 
 J K I H 27 39.98   H  J I 32 34.32 
 J K I L 34 39.96   K  J I 34 34.26 
 J K I L 30 39.95   K  J L 14 34.24 
M J K I L 25 39.90   K  J L 23 34.23 
M J K  L 28 39.88   K  M L 15 34.19 
M  K N L 2 39.82   K N M L 26 34.18 
M   N L 23 39.80   O N M L 30 34.15 
M O  N  14 39.76   O N M P 6 34.11 
M O  N  42 39.76  Q O N M P 2 34.09 
M O  N  3 39.73  Q O N M P 13 34.09 
 O  N P 9 39.70  Q O N  P 4 34.08 
 O  Q P 15 39.61  Q O   P 54 34.06 
   Q P 17 39.55  Q   R P 9 34.02 
 R  Q P 8 39.54  Q   R  8 34.00 
 R  Q  38 39.52   S  R  41 33.94 
 R  Q S 54 39.47   S  T  3 33.89 
 R   S 26 39.37   S  T  40 33.87 
 R   S 41 39.37   U  T  38 33.80 
   T S 18 39.33   U    29 33.74 
 U  T S 13 39.31   U    17 33.71 
 U  T  40 39.19     V  18 33.58 




Table 12. Mean separation of the number of days required to reach 70 percent 
canopy coverage (t70) by SoyNAM family (Fam) (FLSD0.05). 
Groups not sharing the same letter represent significance at α = 0.05 
 
    t70  
       -------2013-------         -------2014------- 
t Grouping Fam Mean  t Grouping Fam Mean 
   A  50 50.35    A  50 43.30 
   B  64 49.92    A  22 43.28 
   B  31 49.88  B  A  11 43.23 
   B  22 49.85  B  A  27 43.21 
 C  B  24 49.84  B  C  64 43.13 
 C  B D 48 49.79  D  C  33 43.06 
 C  B D 46 49.78  D  E  46 43.00 
 C  B D 33 49.76  D  E  5 42.99 
 C  E D 32 49.64  D  E  31 42.97 
 F  E D 5 49.61  D  E  10 42.97 
 F  E G 6 49.47  D  E  48 42.97 
 F H E G 39 49.44  D  E F 12 42.95 
 F H  G 11 49.42    E F 39 42.89 
  H I G 10 49.39    G F 36 42.84 
  H I G 4 49.39  H  G  28 42.76 
 J H I G 12 49.32  H  G  24 42.75 
K J H I G 34 49.31  H  I  32 42.70 
K J H I L 25 49.25  J  I  25 42.62 
K J H I L 27 49.25  J  I  14 42.61 
K J H I L 28 49.25  J  I K 37 42.58 
K J  I L 30 49.20  J  L K 6 42.52 
K J  I L 37 49.19  J  L K 4 42.52 
K J  M L 14 49.14  J M L K 23 42.50 
K J N M L 36 49.13  N M L K 34 42.49 
K J N M L 8 49.12  N M L K 15 42.49 
K  N M L 3 49.11  N M L O 30 42.43 
  N M L 2 49.09  N M L O 8 42.41 
 O N M  23 48.98  N M L O 2 42.40 
 O N   9 48.92  N M  O 9 42.38 
 O  P  15 48.87  N   O 26 42.37 
 O  P  17 48.86     O 13 42.35 
 O  P  42 48.85    P  54 42.22 
 Q  P  38 48.72  Q  P  41 42.15 
 Q  R  26 48.64  Q  P R 3 42.11 
 Q  R  13 48.56  Q  S R 38 42.05 
 Q  R  54 48.53    S R 40 42.01 
 Q  R  41 48.52  T  S  17 41.95 
   R  18 48.48  T  U  29 41.84 
   S  40 48.23    U  18 41.78 





Table 13. 2013 phenotypic correlations between grain yield (Yld), cumulative intercepted photosynthetically active 
radiation (CIPAR), CIPAR vegetative period (CIPARv), CIPAR reproductive period (CIPARr), average canopy coverage 
(AC), number of days to reach 30 (t30), 50 (t50), and 70 (t70) percent coverage, beginning flower (R1), harvest maturity 
(R8), reproductive period (RP), and plant height (Ht). 
 Yld CIPAR CIPARv CIPARr AC t30 t50 t70 R1 R8 RP Ht 
Yld - 0.27 0.35 0.19 0.27 -0.36 -0.32 -0.25 0.05ns 0.35 0.36 0.25 
CIPAR 0.27 - 0.88 0.97 1.00 -0.83 -0.97 -1.00 0.15 0.18 0.14 0.40 
CIPARv 0.35 0.88 - 0.74 0.90 -0.99 -0.97 -0.86 0.12 0.21 0.18 0.42 
CIPARr 0.19 0.97 0.74 - 0.96 -0.68 -0.88 -0.98 0.15 0.15 0.11 0.36 
AC 0.27 1.00 0.90 0.96 - -0.85 -0.98 -1.00 0.15 0.18 0.14 0.41 
t30 -0.36 -0.83 -0.99 -0.68 -0.85 - 0.94 0.80 -0.11 -0.21 -0.19 -0.41 
t50 -0.32 -0.97 -0.97 -0.88 -0.98 0.94 - 0.96 -0.14 -0.20 -0.17 -0.43 
t70 -0.25 -1.00 -0.86 -0.98 -1.00 0.80 0.96 - -0.15 -0.17 -0.13 -0.40 
R1 0.05ns 0.15 0.12 0.15 0.15 -0.11 -0.14 -0.15 - 0.35 0.04ns 0.30 
R8 0.35 0.18 0.21 0.15 0.18 -0.21 -0.20 -0.17 0.35 - 0.95 0.51 
RP 0.36 0.14 0.18 0.11 0.14 -0.19 -0.17 -0.13 0.04ns 0.95 - 0.44 
Ht 0.25 0.40 0.42 0.36 0.41 -0.41 -0.43 -0.40 0.30 0.51 0.44 - 





Table 14. 2014 phenotypic correlations between grain yield (Yld), cumulative intercepted photosynthetically active radiation 
(CIPAR), CIPAR vegetative period (CIPARv), CIPAR reproductive period (CIPARr), average canopy coverage (AC), 
number of days to reach 30 (t30), 50 (t50), and 70 (t70) percent coverage, beginning flower (R1), harvest maturity (R8), 
reproductive period (RP), and plant height (Ht). 
 Yld CIPAR CIPARv CIPARr AC t30 t50 t70 R1 R8 RP Ht 
Yld - 0.27 0.30 0.23 0.27 -0.32 -0.29 -0.25 -0.08 0.47 0.38 0.11 
CIPAR 0.27 - 0.97 0.98 1.00 -0.94 -1.00 -1.00 0.08 0.08 -0.03ns 0.40 
CIPARv 0.30 0.97 - 0.91 0.97 -0.99 -0.99 -0.95 0.06 0.11 0.01ns 0.37 
CIPARr 0.23 0.98 0.91 - 0.98 -0.86 -0.96 -0.99 0.09 0.05ns -0.06 0.42 
AC 0.27 1.00 0.97 0.98 - -0.94 -1.00 -1.00 0.08 0.08 -0.03ns 0.40 
t30 -0.32 -0.94 -0.99 -0.86 -0.94 - 0.97 0.91 -0.05 -0.13 -0.03ns -0.35 
t50 -0.29 -1.00 -0.99 -0.96 -1.00 0.97 - 0.99 -0.07 -0.09 0.01ns -0.39 
t70 -0.25 -1.00 -0.95 -0.99 -1.00 0.91 0.99 - -0.08 -0.06 0.04ns -0.41 
R1 -0.08 0.08 0.06 0.09 0.08 -0.05 -0.07 -0.08 - 0.29 -0.79 0.24 
R8 0.47 0.08 0.11 0.05ns 0.08 -0.13 -0.09 -0.06 0.29 - 0.36 0.50 
RP 0.38 -0.03ns 0.01ns -0.06 -0.03ns -0.03ns 0.01ns 0.04ns -0.79 0.36 - 0.09 
Ht 0.11 0.40 0.37 0.42 0.40 -0.35 -0.39 -0.41 0.24 0.50 0.09 - 








Table 15. Genetic correlations above diagonal, phenotypic correlations below diagonal, narrow-sense 
heritability on the diagonal for grain yield (Yld), cumulative intercepted photosynthetically active 
radiation (CIPAR), CIPAR vegetative period (CIPARv), CIPAR reproductive period (CIPARr), average 
canopy coverage (AC), number of days to reach 30 (t30), 50 (t50), and 70 (t70) percent closure, harvest 










Phenotypic correlations are based on means from 2013 and 2014. 
All terms considered significant at P < 0.0001 
 
 
 Yld CIPAR CIPARv CIPARr AC t30 t50 t70 R8 Ht 
Yld 0.55 0.64 0.67 0.61 0.63 -0.68 -0.66 -0.63 0.52 0.47 
CIPAR 0.28 0.89 0.98 1.00 1.00 -0.98 -1.00 -1.00 0.30 0.45 
CIPARv 0.37 0.94 0.87 0.96 0.98 -1.00 -0.99 -0.97 0.34 0.48 
CIPARr 0.21 0.98 0.83 0.86 1.00 -0.95 -0.99 -1.00 0.28 0.43 
AC 0.28 1.00 0.94 0.97 0.85 -0.97 -1.00 -1.00 0.29 0.45 
t30 -0.40 -0.90 -0.98 -0.79 -0.91 0.81 0.99 0.97 -0.36 -0.49 
t50 -0.33 -0.98 -0.97 -0.93 -0.99 0.96 0.89 0.99 -0.33 -0.47 
t70 -0.26 -1.00 -0.91 -0.98 -1.00 0.88 0.98 0.90 -0.29 -0.44 
R8 0.41 0.16 0.19 0.13 0.16 -0.22 -0.18 -0.14 0.73 0.81 








Table 16. 95% confidence intervals for the difference between two single correlations with 
grain yield. Confidence intervals not including zero indicate that the correlations between 
each parameter and grain yield are statistically different. Genetic correlations above diagonal, 


















ns = not significant at α=0.05 
 
 
 CIPAR CIPARv CIPARr AC D30 D50 D70 R8 Ht 












































































































































Table 17. Phenotypic repeatability (RM) across years estimated as a 
function of the between (𝜎𝜎𝛼𝛼2) and within (𝜎𝜎𝜀𝜀2) group variance, 














Trait 𝜎𝜎𝛼𝛼2 𝜎𝜎𝜀𝜀2 RM h
2 
AC 13.46 1.21 0.92 0.85 
CIPAR 254.23 16.88 0.94 0.88 
CIPARv 386.99 4.58 0.99 0.87 
CIPARr 1268.55 13.82 0.99 0.86 
t30 11.26 0.34 0.97 0.81 
t50 16.15 0.39 0.98 0.89 







Table 18. Efficiency of indirect selection (Re) for grain yield 
using secondary characters (Trait). Defined as the ratio of the 
amount of improvement in yield obtained by indirect selection 
for a secondary character (CRx) over the amount of improvement 















Trait CRx Rx Re 
CIPAR 0.60 0.74 0.81 
CIPARv 0.63 0.74 0.84 
CIPARr 0.57 0.74 0.76 
AC 0.58 0.74 0.78 
t30 0.61 0.74 0.83 
t50 0.62 0.74 0.84 
t70 0.59 0.74 0.80 
R8 0.44 0.74 0.59 
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Figure 1. Relationship between average percentage canopy 
coverage (AC) and cumulative intercepted 





Figure 2. 2013 (top) and 2014 (bottom) density curves of canopy coverage for all genotypes at each day after 




Figure 3. Boxplot of average canopy coverage (AC) for each SoyNAM family in 2013 and 2014. Interquartile range 
falls within the colored box. Upper whisker denotes maximum and lower whisker denotes minimum where values 




Figure 4. Boxplot of cumulative intercepted photosynthetically active radiation (CIPAR) for each SoyNAM family in 
2013 and 2014. Interquartile range falls within the colored box. Upper whisker denotes maximum and lower whisker 





Figure 5. Boxplot of cumulative intercepted photosynthetically active radiation during vegetative growth (CIPARv) 
for each SoyNAM family in 2013 and 2014. Interquartile range falls within the colored box. Upper whisker denotes 
maximum and lower whisker denotes minimum where values plotted beyond this range are considered outliers 





Figure 6. Boxplot of cumulative intercepted photosynthetically active radiation during reproductive growth 
(CIPARr) for each SoyNAM family in 2013 and 2014. Interquartile range falls within the colored box. Upper 
whisker denotes maximum and lower whisker denotes minimum where values plotted beyond this range are 





Figure 7. Boxplot of days until canopy coverage reached 30 percent (t30) for each SoyNAM family in 2013 and 2014. 
Interquartile range falls within the colored box. Upper whisker denotes maximum and lower whisker denotes minimum 





Figure 8. Boxplot of days until canopy coverage reached 50 percent (t50) for each SoyNAM family in 2013 and 2014. 
Interquartile range falls within the colored box. Upper whisker denotes maximum and lower whisker denotes minimum 





Figure 9. Boxplot of days until canopy coverage reached 70 percent (t70) for each SoyNAM family in 2013 and 2014. 
Interquartile range falls within the colored box. Upper whisker denotes maximum and lower whisker denotes minimum 



















Figure A-1. Daily (bars, left axis) and cumulative incident photosynthetically 
active radiation (PAR; lines, right axis) data for the 2013 (black) and 2014 
(gray) growing seasons located at the Purdue University Agronomy Center for 
























































































Figure A-2. Daily (bars, left axis) and cumulative precipitation (lines, right axis) data for the 2013 (black) 
and 2014 (gray) growing seasons located at the Purdue University Agronomy Center for Research and 






Table A-3. The forty SoyNAM families (NAM) as identified by the parental founder lines (Parent) 
which include seventeen high-yielding lines from eight universities, fifteen lines with exotic 
ancestry (LG), and eight plant introductions (PI) from four countries. 
Parent NAM Origin  Parent NAM Origin 
4J105-3-4 3 Purdue Univ.   LG94-1128  33 USDA-ARS 
5M20-2-5-2 4 Purdue Univ.  LG94-1906  34 USDA-ARS 
CL0J095-4-6 5 Purdue Univ.  LG97-7012  36 USDA-ARS 
CL0J173-6-8 6 Purdue Univ.  LG98-1605  37 USDA-ARS 
HS6-3976 8 Ohio State  Magellan 14 Univ. of Missouri 
LD00-3309 10 Univ. of Illinois  Maverick 15 Univ. of Missouri 
LD01-5907 11 Univ. of Illinois  NE3001 18 Univ. of Nebraska 
LD02-4485 12 Univ. of Illinois  Prohio 9 Ohio State Univ. 
LD02-9050 13 Univ. of Illinois  S06-13640 17 Univ. of Missouri 
LG03-2979 24 USDA-ARS  Skylla 22 Mich. State Univ. 
LG03-3191 25 USDA-ARS  TN05-3027 2 Univ. of Tenn. 
LG00-3372 38 USDA-ARS  U03-100612 23 Univ. of Nebraska 
LG04-4717 26 USDA-ARS  PI 398.881 40 South Korea 
LG04-6000 39 USDA-ARS  PI 427.136 41 South Korea 
LG05-4292 27 USDA-ARS  PI 437.169B 42 Russia 
LG05-4317 28 USDA-ARS  PI 507.681B 46 China 
LG05-4464 29 USDA-ARS  PI 518.751 48 Serbia 
LG05-4832 30 USDA-ARS  PI 561.370 50 China 
LG90-2550   31 USDA-ARS  PI 404.188A 54 China 
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Figure A-4. Time series of seasonal canopy coverage during the 2014 growing season. Each row 
represents classified images for each day after planting (DAP) for four randomly selected genotypes. 



































Figure A-5. Asymptotic logistic fit of seasonal percentage canopy coverage for one genotype during the 2014 
growing season. Open circles represent actual sampling dates, filled circles denote estimates from logistic model.  
